
s 
A Slip-Ratio-Controlled system 
With Ground Speed Reference 
From Unbraked Nose Wheel 

John A. 'Fdnner and Sundy M .  Stubbs 

Langley Research - Center 
mpton, va. 23665 



TECH LIBRARY KAFB,NM 

‘TE51 WITH GROUND SPEED 

John A. Tanner and S&dy M. Stubbs L-11292 

. 10. Work Unit’No. 

I 
9. Performing OrganizationName and Address 505-08-31-01 

NASA Langley Research Center 11. Contract or Grant No. 
Hampton, VA 23665 I 

Technical Note 
National Aeronautics and Space Administration 

14. Sponsoring Agency CodeWashington, DC 20546 . 

1 

15. Supplementary Notes 

b experimental inves t iga t ion  was conducted a t  t h e  Langley a i r c r a f t  landing 
loads and t r a c t i o n  f a c i l i t y  t o  study t h e  braking and cornering response of a s l i p 
rat io-control led a i r c r a f t  an t i sk id  braking system with ground speed reference derived 
from an unbraked nose wheel. This inves t iga t ion ,  conducted on d r y  and wet runway 
surfaces ,  u t i l i z e d  one main gear wheel, brake, and t i r e  assembly of a McDonnell 
Douglas.DC-9 s e r i e s  1 0  airplane.  During maximum braking, t h e  average r a t i o  of t h e  
drag-force f r i c t i o n  coef f ic ien t  developed by t h e  an t i sk id  system t o  t h e  maximum 
drag-force f r i c t i o n  coe f f i c i en t  ava i lab le  was higher on t h e  dry surface than on 
damp and flooded surfaces  and was reduced with l i g h t e r  v e r t i c a l  loads,  higher yaw 
angles, and when new t i r e  t reads  were replaced by worn t reads .  Similar ly ,  t h e  
average r a t i o  of side-force f r i c t i o n  coef f ic ien t  developed by t h e  t i re  under an t i -
skid cont ro l  t o  t h e  max imum side-force f r i c t i o n  coe f f i c i en t  ava i lab le  t o  a f r e e l y  
r o l l i n g  yawed t i r e  decreased with increasing yaw angle,  general ly  increased with 
ground speed, and decreased when t i r e s  with new t reads  were replaced by those with 
worn t reads .  The in t e rac t ion  between braking and cornering indicated t h a t ,  during 
an t i sk id  cycling on a dry surface,  t h e  side-force f r i c t i o n  coe f f i c i en t  was typ i 
c a l l y  reduced by more than 40 percent;  on a flooded surface,  t h i s  coef f ic ien t  was 
reduced t o  negl ig ib le  values. During t h e  t r a n s i t i o n  from a dry to a flooded sur-. 
face  under heavy braking, t h e  wheel entered i n t o  a deep sk id  but  t h e  an t i sk id  sys
tem reacted quickly and permitted t h e  wheel t o  regain ground speed and t o  resume 
braking on t h e  flooded surface while preventing subsequent deep skids.  Brake pres
sure  recovery was rapid following t h e  t r a n s i t i o n  f r o m  a flooded t o  a dry surface.  
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BEHAVIOR OF AIRCRAFT ANTISRID BRAKING SYSTEMS 

ON DRY AND WET RUNWAY SURFACES 

A SLIP-RATIO-CONTROLLED SYSTEM WITH GROUND SPEED 

REFERENCE FROM UNBRAKED NOSE WHEEL 

John 	A. Tanner and Sandy M. Stubbs 
Langley Research Center 

SUMMARY 

An experimental i nves t iga t ion  w a s  conducted a t  &he Langley aircraft land
ing  loads and t r a c t i o n  f a c i l i t y  t o  study t h e  braking and cornering response of 
a s l ip-rat io-control led aircraft an t i sk id  brak2ng system w i t h  ground speed ref
erence derived from an unbraked nose wheel. Th i s  inves t iga t ion ,  conducted on 
dry and w e t  runway sur faces ,  u t i l i z e d  one main gear wheel, brake, and t i re  
assembly of a McDonnell Douglas DC-9 series 10 a i rp lane .  

During maximum braking, the average r a t i o  of the  drag-force f r i c t i o n  coef
f i c i e n t  developed by the antiskid system t o  the m a x i m u m  drag-force f r i c t i o n  
coe f f i c i en t  ava i l ab le  w a s  higher on the  dry sur face  than on damp and flooded 
surfaces  and w a s  reduced w i t h  lighter v e r t i c a l  loads,  higher yaw angles ,  and 
when new t ire treads were replaced by worn treads. Similar ly ,  t he  average r a t i o  
of side-force f r i c t i o n  coe f f i c i en t  developed by the t i r e  under an t i sk id  cont ro l  
t o  t h e  maximum side-force f r i c t i o n  coe f f i c i en t  ava i l ab le  t o  a f r e e l y  r o l l i n g  
yawed tire decreased w i t h  increasing yaw angle,  genera l ly  increased w i t h  ground 
speed, and decreased when t ires w i t h  new treads were replaced by those w i t h  worn 
treads. The i n t e r a c t i o n  between braking and cornering ind ica ted  t h a t ,  during 
an t i sk id  cycl ing on-a dry sur face ,  the side-force f r i c t i o n  coe f f i c i en t  w a s  
t yp ica l ly  reduced by more than 40 percent;  on a flooded surface,  t h i s  coef
f i c i e n t  w a s  reduced t o  negl ig ib le  values. During the t r a n s i t i o n  from a dry to 
a flooded surface under heavy braking, t h e  wheel entered i n t o  a deep skid but  
t he  an t i sk id  system reacted quickly and permitted the wheel t o  regain ground 
speed and t o  resume braking on the flooded sur face  while preventing subsequent 
deep skids .  Brake pressure recovery was rap id  following t h e  t r a n s i t i o n  from 
a flooded t o  a dry surface.  

INTRODUCTION 

Over the  years  t h e  number and v a r i e t y  of a i rp l anes  using antiskid braking 
systems have s t e a d i l y  increased,  with most cur ren t  commercial and m i l i t a r y  j e t  
a i rp l anes  being equipped with var ious sk id  con t ro l  devices.  The earliest an t i -
skid systems were general ly  designed t o  prevent wheel lockups and excessive t i re  
wear on dry pavements. Modern skid con t ro l  devices,  however, are more sophis
ticated and are designed to provide m a x i m u m  braking e f f o r t  while maintaining 
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f u l l  antiskid pret.ecticil u3def. a l l  treathep oondLtLPlns P operating statfstics 
of modem Jet a i rp lanes  indicate "bat these &.,nt;%skidsystem 81-8both effective 
and dependable; t h e  several. million landings that are mde each year in routine 
fashitln with Et3 SPr"iOU8 operating pt.oblems a t tes t  t o  this fact. However, it; 
b s  also been �-leue s t a b l i s h e d ,  both rrom f l i g h t  tests and f rsn field experi
ence, t h a t  thrt perfo~manaeOF these systems is subject t o  degradation when the  
runway becornss s l i p p w y  ; coiamqrrently e danger=ously lmg roll-ozrt distanoes and 
reduced steerfng c a p a b i l i t y  can s.esu1-L during scme a i rp l ane  landfng operations 
(refs. 1 t o  5).  There is a need to steidy d f f f e ~ e n tkypes of" a n t i s k i d  braking 
systems to find the sources of t h e  degraded pe~fo~mzneethat. occur under adverse 
runway conditions;  them is a lso  a need t o  t=.b-f;aindata fer the development of 
more advanced s y s t e w  that will. I.nsurc safe gs.umd handltng operations under a l l  
weathc?r conditions. 

In an e f f o r t  t o  meet these needs, an oxperinental research prograiar has been 
undertaken to s tudy  the perf'or~ancesf several different a i rp lane  antiskid by&
ing systems under the  co_r:trtlllsdiiondftiom afforded by &PisLangley airoraft; 
banding loads and t m c t i m  fac2lity (r"rmerly called t he  Langley landing Isads 
tr-a&), The types of s k i d  ccsa"bw2 devices uadergoing study in this program 
inch.& a veloc i ty- r?a te -c~~t ro l ledsystem (ref .  61, a s l ip - ra t iQ-csnt rs l lea  
system with  ground speed reference friara a% ~ lnb~akednose wkres l ,  a s l ip-rat io
controlled system K i t h  grmmd speed rsrerenae from z braked wheel, E? s l ip 
vePscity-conf;mPPed system, arid a system which mPies ripon d i f f e r e n t i a l  pump 
control. The investigaticn of these system is being esPndue3ted with one main 
heel, brake, and t i re  asse~b3.gsf e HcD~~nel1Dsuglss De-9 serfes 48 airplane.  

F, t i r e  vertical fosoe 
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Subscripts: 

b braking 

C cornering 

d drag 
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43 gross  

max m a x i m u m  value 

0 i n i t i a l  value 

P free r o l l i n g  

S s i d e  

t t i re  

_. e 

A bar over a symbol denotes an average value. 

APPARATUS AND TEST PROCEDURE 


T e s t  Tires 

The tires used i n  t h i s  inves t iga t ion  were 40 X 14,  type VII, bias-ply 
a.i.reraft tires of 22 ply rating w i t h  a rated m a x i m u m  speed of 200 knots 

7 knot = 0.5144 m/s). The t i res  were stock retreads with a six-groove pa t t e rn  
and the study included both new and worn tread configurations.  A photograph of 
two tires having new and worn treads is presented i n  f i g u r e  7 .  The new tread 
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had a groove depth of 0.71 cm (0.28 in . )  and was considered new u n t i l  the  groove 
depth decreased t o  0.36 cm (0.14 in . ) .  A commercially ava i lab le  tire grinding
machine was employed t o  remove tread rubber uniformly from the retreaded t i re  
u n t i l  only a groove depth of 0.05 cm (0.02 i n . >  remained. This simulated worn 
t i re  was probably i n  a worse wear condition than is normally experienced i n  air
plane operations.  Throughout t h i s  invest igat ion the tire i n f l a t i o n  pressure was 
mainkained a t  the normal a i r l i n e  operational pressure of 0.97 MPa (140 p s i ) ,  

Test F a c i l i t y  

The invest igat ion was performed on a test  carriage a t  the  Langley aircraft 
landing loads and t r ac t ion  f a c i l i t y  described i n  reference 8. Figure 2 is a 
photograph of the  carriage w i t h  the test wheel assembly in s t a l l ed ;  f i gu re  3 is 
a close-up view of the wheel and t i r e  and shows detai ls  of the instrumented 
dynamometer which was used instead of a landing gear s t r u t  t o  support the  wheel 
and brake assembly because i t  provided an accurate measurement of the  ground 
forces .  

For the  tests described i n  t h i s  paper, approximately 244 m (800 f t )  of the  
ava i lab le  366 m (1200 f t )  of the f la t  concrete test runway were used t o  provide 
braking and corneeing data on a dry surface,  on an a r t i f i c i a l l y  damp surface,  on 
an a r t i f i c i a l l y  flooded surface,  and on a random dry/damp surface. With the  
exception of t rans ien t  runway f r i c t i o n  tests, the  e n t i r e  runway had a uniform 
surface wetness condition, and an t i sk id  cycling occurred for  the e n t i r e  244 I.B 
(800 f t ) .  The 61 m (200 E t )  of runway preceding the test sect ion were used for 
the i n i t i a l  wheel spin-up and brake actuat ion,  and the 61 m (200 f t )  beyond the 
tes t  sect ion were retained f o r  brake release. In  order to  obtain a damp condi
t i on ,  the test surface w a s  l i g h t l y  wetted w i t h  no standing water. For the 
flooded runway condition, t h e  test sect ion was surrounded by a f l ex ib l e  dam and 
flooded t o  a depth of approximately 1.0 cm (0.4 in.). The random dryldamp sur
face condition was a t t a ined  by wetting the test sec t ion  a t  random. Nd water 
depth measurements were made fo r  t h i s  condition. 

The concrete surface i n  the test area had a l i g h t  broom f i n i s h  i n  a t rans
verse di rec t ion ,  and the surface tex ture  was somewhat smoother than t h a t  f o r  
most operat ional  concrete runways. The runway surface roughness f o r  t he  
244-m (800-ft) test sect ion was not uniform, as shown by the tex ture  depth 
measurements i n  the following table: 

S t a tion Average 
t ex tu re  depth 

in.  

0.00453 
,00965 
.0057 1 
.00539 
.00610 
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Details of t he  tex ture  depth measurement technique are presented i n  reference 9. 
The average tex ture  depth of t he  test runway w a s  154 pm (0.00606 i n . ) ,  which 
is s l i g h t l y  less than t h a t  of a t y p i c a l  operat ional  rlinway. (See ref. 10, f o r  
example. ) The test runway w a s  q u i t e  l e v e l  compared w i t h  a i r p o r t  runways’and 
had no crown f o r  drainage purposes. During the course of t e s t i n g  on the  dry 
surface,  p a r t i c u l a r l y  with a yawed tire, rubber w a s  deposited on the  runway and 
it was necessary t o  c lean the surface per iodical ly .  

Skid Control System 

A sl ip-rat io-control led skid con t ro l  system w i t h  ground speed reference 
from an unbraked nose wheel, t yp ica l  of t h a t  used on severa l  European commercial 
and m i l i t a r y  jet a i rp lanes ,  was used i n  t h i s  inves t iga t ion .  The system w a s  con
figured t o  simulate a braking system t h a t  had e l ec t ron ic  and hydraulic compo
nents ,  including cor rec t  l i n e  lengths  and s i z e s ,  f o r  a s ing le  main wheel of a 
DC-9 series 10 a i rp lane .  Figure 4 is a photograph of the  major hydraulic compo
nents  of t he  simulated braking system i n s t a l l e d  on t h e  test car r iage ;  f i gu re  5 
is a schematic of the system. The brake system is ac t iva ted  by opening the 
p i l o t  metering valve (fig. 5) which allows the brake f l u i d  t o  flow from a high 
pressure reservoi r  and brake se l ec to r  valve,  through the normally open an t i sk id  
cont ro l  valve and hydraulic fuse, t o  the  brake. A pneumatFc p is ton  w a s  used t o  
open the p i l o t  metering valve t o  its f u l l  s t roke;  thus m a x i m u m  braking f o r  a l l  
tests w a s  provided. The bicycle-type, l ightweight t r a i l i n g  wheel shown i n  
f igu re  6 w a s  used t o  simulate the a i rp l ane  nose wheel and t o  provide a ground 
speed reference f o r  the  an t i sk id  log ic  e lec t ronics .  During an t i sk id  braking, 
de vol tages  (developed by generators  driven by the  braked tes t  wheel and the  
simuiated unbraked nose wheel) proport ional  t o  the wheel speeds are input  t o  
the  e l ec t ron ic  an t i sk id  cont ro l  box which computes t h e  s l i p  r a t i o  of the  braked 
wheel. ( S l i p  r a t i o  is the  instantaneous r a t i o  of s l i p  speed of the braked wheel 
(V - w r )  t o  t he  car r iage  speed (VI). T h i s  r a t i o  is then compared w i t h  a preset 
s l i p  r a t i o  threshold value of  approximately 0.15 (0.13 on dry surfaces  t o  0.18 
on flooded surfaces), and a skid s i g n a l  (de curren t )  is generated and t rans
mitted t o  the an t i sk id  con t ro l  valve t o  reduce the brake pressure when the s l i p  
r a t i o  is higher than the assigned threshold value and t o  increase brake pressure
when the s l i p  r a t i o  is lower than t h e  assigned value. 

Typical t i m e  h i s t o r i e s  of wheel speed, s l i p  r a t i o ,  skid s igqa l ,  brake pres
’sure, and the r e su l t i ng  drag-force f r i c t i o n  coe f f i c i en t  are presented i n  f ig 
ure  7 to help descr ibe the  system operation. Figure 7(a) presents  t i m e  h i s to
ries f o r  the  e n t i r e  run and f igu re  7 (b )  presents  an expanded segment of t h e  run 
from 1.2 t o  3.2 see t o  i l lustrate  more c l e a r l y  t he  an t i sk id  cycling act ion.  
Figure 7 shows. t h a t ,  as brake pressure is appl ied,  the  wheel speed decreases; 
t h i s  decrease increases  the  s l i p  r a t i o  u n t i l  it exceeds the  threshold value and 
thus  generates a skid s igna l .  For example, i n  f igu re  7 ( b ) ,  during the time 
between approximately 1.4 and 2.1 see, the  s l i p  r a t i o  has severa l  spikes above 
the threshold value which, i n  tu rn ,  generate a skid s igna l .  The skid s igna l  
seems t o  have an o s c i l l a t i n g  characteristic t h a t  is espec.ially not iceable  a t  
2.1 see. Here the s l i p  r a t i o  drops subs t an t i a l ly  below the  threshold l e v e l  and 
the skid s igna l  continues w i t h  four  o r  f i v e  addi t iona l  decaying osc i l l a t ions .  
The an t i sk id  system cycling frequency is approximately 10 t o  12 Hz and the skid 
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signal modulates the brake pressure quite w e l l ;  t h u :  zny deep s k i d s  are pse
vented arid a r e l a t l v e l y  stable f r ic t ion-coef f ic ien t  brace ir: produced. 

The tire f r i c t i o n  forces were measured by means of t he  dynamometer which 
is s"~ltsmin figuse 3 and illustrated schematioally in figure 8.  Stra in  gages 
were net"i: on the  five dynamoaeter support beams: t w o  of t h e  beams were used 
for- measurlsig ~ e ~ t i c a lforces, two we~eused for meastlrfng drag forces parallel 
t o  the wheel plane, and i! single beall! w a s  used for m e a ~ u ~ i n gs i d e  force perpen
drotrlar t o  the &eel plane,  Three accelerometers on t h e  test;wheel axle pro
v ided  information for inertia correct ions t o  the  f o ~ c edata.. The brake torque 
was measinred with torque links which were independent of the drag-force beam. 
Transducers were i n s t a l l ed  i n  t h e  hydraulic systelri t o  measure pressures a t  t h e  
p i l o t  metering valve, a t  the hydraulic fuse,  at the  brake, and i n  the retwm 
l i n e  between the brake and the hydraulic reservoir .  A steel-reinforced,  cogged, 
m b b e r  t h i n g  b e l t  f:';is driven by the  test wheel to tu rn  an aux i l i a ry  axle whlch 
drove the pulse (sal a l t e r n a t o r s  and dc generators thak  were used to obtain a 
meesum of the test  wheel angular veloci ty .  Signals frwm one of t h e  d e  gener
ator*~s u p p l i e d  wheel-speed information to t he  ant i sk id  systeH?. The skid signal 
p ~ o d u c e dby the a n t i s k i d  system was recorded f o r  agl examination of its oharac
t er i s t ics ,  A I i g h t ~ e t g h tt r a i l i n g  %heel s i m l a t i n g  the nose wheel on an air
plane %!as r E G U n t e d  t o  khe a ide  of the  t es t  cah.r.iage (as shown i n  f ig.  61, and 
the citztput fmer3 a dc gerierator mounted on i%s&Le was recorded and was a lso  
routed to  %he a n t i s k i d  control  box t o  provide a measure of carriage speed. All 
data ou tpu t s  were fed i n t o  appropriate s i g n a l  eoaditioning equipment and then 
into two fPequeney-aGdulated tape recorders, A t l m e  code was fed i n t o  the  two 
rccor-dr;rs SiBultarneCaaly to provide sync,hror%izaticnof the txo sets of datae 

Tke t s e h n i q w  for  the brakfrig tests wi th  and without an t i skfd  protect ion 
consisted of aektfng t.he dynamoaeter an? tire asseabig t o  the preselected yaw 
angle, prope l l ing  the test carsiage to the des i red  speed, applying a preselected 
ve~tiqalload on the tire, and znonftsring t h e  o u t p u t s  Trom ths onboarad in s t ru 
mentation. For anitlakid tests: t?h%brake was aotuated by a pneumatic piston at 
the p i l o t  metering valve, which gave f u l l  pedal def lec t ion  er maximum braking, 
and t h e  antiskid system modulated the brzking effort, The runway surface condi
t b m  xes essen t i a l ly  uniform over the entire lerrgth; the bmke was applied the  
ful l  dlst2nce and w 2 s  released just pl.lor 4;c cam.rlage ar-restment. In addi t ion 
to an t i sk id  braking tests, sjngie-cycle braking tesbs were made without antiskid 
protection. These s ing le  brake cyales consisted of applying s u f f i c i e n t  brake 
presisur-~t o  b r ing  the tire frozn a free-rolling mridit ion t o  a locked-wheel akfd 
and then Peleasing the brake to allow f u l l  tire spin-up prior eo the next cycle. 
For single-cycle braking, the ~unwaysurfme was divfded Into three aeetirlona 
(dpg, dampI and flooded] and brake p~easurexas app l i ed  by t-riggering devices 
a t  each seatiop! 2long tho teat traok. The nominal carriage speeds for both 
types of tests ranged from 40 ts 100 knots: as meaeured approximately midway 
along t h e  rumray. Bfte~pai n l t E e l  acceleration, %he cerriage wcds In a coaat mode 
and there wEis a alou speed deoay through t h e  test section due eo a i r  drag, 
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f r i c t i o n ,  and the ant iskid braking of the test tire i tself .  T i r e  v e r t i c a l  
loading was varied from approximately 58 kN (13 000 l b f )  to 120 kN (27 000 l b f ) ,  
wkiich represented a nominal-landing weight and refused take-off weight, respec
t i v e l y ,  f o r  a s ing le  wheel of the DC-9. Tests were run at t ire yaw angles of 
00, 30, and 60 and a t  a nominal brake system pressure of 21 MPa (3000 ps i ) .  I n  
addi t ion,  severa l  tests were run at a nominal brake-system pres su re  of 14 MPa 
(2000 p s i ) .  

Data Reduction 

Except f o r  the ac a l t e rna to r  s igna ls ,  a l l  data recorded on magnetic t a p e  
were fi l tered t o  60 Hz, d ig i t i zed  a t  250 samples/sec, and s tored  on tape.  From 
these d ig i t i zed  da ta ,  direct measurements were obtained of t h e  car r iage  speed, 
the  braked-wheel angular ve loc i ty ,  the sk id  s igna l  generated by the an t i sk id  
system, the brake pressure and torque, the  drag force  F,, the s ide  force  Fy, 
the  v e r t i c a l  force  applied t o  the t i re  Fv, and the  acce lera t ions  of the dyna
mometer. The instantaneous force  data t h a t  were corrected f o r  acce lera t ion  
effects were combined t o  compute the  instantaneous drag-force f r i c t i o n  coef
f i c i e n t  pd p a r a l l e l  to the  d i r ec t ion  of motion and the side-force f r i c t i o n  
coef f ic ien t  us perpendicular t o  the d i r ec t ion  of motion. T h e  load t r a n s f e r  
between the two drag-force beams ( f i g .  8) provided a measure of the a l in ing  
torque about the v e r t i c a l  o r  s t ee r ing  a x i s  of the wheel. The braked-wheel 
a l t e rna to r  s igna l  was converted t o  wheel speed, which w a s  combined w i t h  car
riage speed t o  y i e ld  wheel s l i p  speed and s l i p  r a t i o .  Time h i s t o r i e s  of some 
of the measured parameters f o r  a t y p i c a l  an t i sk id  braking test are presented i n  
f igure  9 (a ) .  The v e r t i c a l  and drag forces  are each a summation of two data chan
ne l s  wi th  correct ions made f o r  acce lera t ion  effects. The time h i s t o r i e s  of  fig
ure  9(b) are the  parameters calculated from the  data of f i g u r e  9(a) .  Although 
brake pressure is a measured parameter, it is included i n  f i g u r e  9(b) t o  serve 
as a reference.  

DEFINITIONS 

An adequate assessment of t h e  performance and behavior of the an t i sk id  
braking system, which w a s  subjected t o  a wide va r i e ty  of operat ional  conditions 
dur ing  these tests, requi res  carefu l  consideration of many var iables .  Two 
methods developed i n  reference 6 are used t o  analyze t h e  performance of the 
an t i sk id  braking system - one based upon t ire f r i c t i o n  coe f f i c i en t s  and the other  
based upon generated stoppping and cornering power. The various f r i c t i o n  and 
power parameters used t o  describe t h e  antiskid-system performance are discussed 
i n  the following paragraphs. 

T i r e  F r i c t i o n  Terms 

T ime  h i s t o r i e s  of wheel speed, sk id  s igna l ,  drag-force f r i c t i o n  coef
f , i c i en t  pd, and side-force f r i c t i o n  coe f f i c i en t  ps f o r  a typ ica l  an t i sk id  
braking test  are presented i n  f igu re  10 t o  help def ine those parameters which 
describe the  t i r e  f r i c t i o n a l  behavior under an t i sk id  control .  For the test 

7 



i l l u s t r a t e d ,  the brakes were appl ied  a t  approxSmate2.y 2 see on the t i m e  scale 
and many sk id  cycles were generated over t h e  tes t -sect ion length. 

Erag-force f r i c t i o n  coeff ic ients . - The drag-force friction aoefficient t h a t  
is observed before t;he brakes are applied r e s u l t s  f rsn the t ire rolling resis
tance mC; is labeled r-l, i n  f igwe 10. For those tests on flooded ~ u r f a c e s ,  
Pr also includes the  resistance a t t r i b u t e d  to  f l u i d  brag. The drag-force frit
t P ~ nceefficient measured a t  the inc ip ien t  wheel s k M  pain t  normally represents 
the  maxirnum value of &-J which the t i r e  can develop at that i n s t a n t .  For this 
ant i sk id  system, however, with its high cyclHng frequency, a m z x i m u m  ava i lab le  
fr-ictlon coef f ic ien t  f o r  each run is d i f f i c u l t  t o  ob ta in .  In order  t o  assign a 
s ing le  value of the maximum avai lab le  drag-force f r i c t i o n  coe f f i c i en t  f o r  a 
given run, a number of pd max values were read at fixed tfme increments_
(10 points shown i n  f i g .  16, and averaged t o  produce gd,max. Values of cd,max 
ape not ava i lab le  for the torque-limited braking tests because, i n  those cases, 
the mzximm fs.iction level. was not reached. (Torque limited i n  t h i s  investiga
bion refers -Lo a r.ituation where, f o r  a given supply pressures  t h e  b ~ a k etorque 
is insufflcient to cause a complete spin-down of the tire.) It is apparent t h a t  
no a n t i s k i d  cycling occurs when the brake is korque l imited.  

-
The average drag-foroe f r i c t i o n  coe f f i c i en t  pd developed by the  antiskid 

system during a given test is defined by the exprwssinn 

614 

-where to aid tf, i den t i f i ed  i n  f igu re  I O ,  enclose the  time i n t e r v a l  over which 
pd is measured. The time to represented the point  a t  which the  pressure at 
the  brake neared the maximum system pressure 6r whe3 the  first s k i d  occurred; 
t he  time t,- was taken j u s t  p r i o ~t o  brake release a t  the end of the  t e s t  see-
%ion. The average drag-force f r i c t i o n  coe f f i c i en t  m s  computed for s ~ &braking 
test w i t h  the ease of numerical in tegra t ion  techniques. 

~ Side-for2ee fr ic t iorr  coef f ic ien ts .  - The maximum side-forcis f r i ~ t Z o r icoef
f ' icient is observed i n  f fgu re  10 to occur- when khe yawed xheel i s  
f reely rwLL< g.- p r i o r  t o  brzke application. The a ~ e ~ i g es l  de-.torce f r i c t i o n  
coef f ic ien t  ps developed by the  antiskid system during braking is defined by 
an expression similar to  khat  fo r  &j. T h i s  expression 

was also computed by numerical integration techniques for  each ymed-whee3. 
braking tes t .  
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Antiskid-System Effectiveness 

It is a formidable task t o  evaluate an an t i sk id  system i n  terms of effi
ciency or effect iveness .  The ideal evaluation would ass ign  a s ing le  performance 
number to the  system; however, t h i s  is  impossible because of t he  number of var i 
ables which must be considered. I n  an a t t empt  to provide a r a t i o n a l  and unbiased 
method of evaluating the performance of the an t i sk id  braking system, the follow
ing  performance r a t i o s  and power terms are used. 

Performance ra t ios . - In order t o  obtain a measure of t h e  braking perform
ance of the an t i sk id  system, the  average f r i c t i o n  coe f f i c i en t  developed by the 
system during a run w a s  divided by the average maximum f r i c t i o n  coef f ic ien t  
developed by the  system during t h a t  run. This braking performance r a t i o  nb 
is defined by the expression 

and provides an ind ica t ion  of how w e l l  the an t i sk id  system is using the ava i l 
able f r i c t i o n  coef f ic ien t  during maximum braking. For equation (31 ,  the  tire 
r o l l i n g  res i s tance  f r i c t i o n  coe f f i c i en t  U p  is subtracted from both t h e  ava i l 
able jid,max and the developed jid f r i c t i o n  coe f f i c i en t s  i n  order to i s o l a t e  
the  braking port ion of the drag force.  A similar r a t i o  nC is used t o  def ine 
the cornering performance 

Power terms.- A s  defined i n  reference 6 ,  the performance of an an t i sk id  
system can a l s o  be expressed i n  terms of the  gross  stopping power developed by 
the braking system and by the stopping and cornering power developed by the  
tire. These various power terms are defined i n  reference 6 i n  terms of the 
wheel speed V (equivalent to carriage speed), the drag force  Fx p a r a l l e l  
t o  the  wheel plane, the s ide  fo rce  perpendicular to the wheel plane, the 
yaw angle $I, and the s l i p  r a t i o  S. 

FyS l i p  r a t i o  is the instantaneous r a t i o  of 
s l i p  speed of the braked wheel (V - w r )  to t h e  car r iage  speed V and is given 
by the  following equation: 

v - or
S =  

V 
( 5 )  

where r f o r  the test tire equals 0.492 m (1.613 f t ) ,  as determined by averag
i n g  the r o l l i n g  r a d i i  from the number of f ree- ro l l ing  tests. T i m e  h i s t o r i e s  of 
some of these var iab les  during a t y p i c a l  an t i sk id  braking test are presented 
i n  f igu re  11. The following power expressions are defined over the i n t e r v a l  
between to and tf. 

The gross  stopping power Pd,g developed by the an t i sk id  system during a 
braking test is 
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where F, cos IJI + FY s i n  IJI converts the measured drag and Bide forces  noted 
i n  f igure  11  to  a s ingle  drag force  opposing carriage motion. The product of 
ve loc i ty  and time y i e l d s  t h e  dis tance through whish the force  acts and completes 
the work equation. Dividing the  work by the  duration provides a measure of t h e  
power being generated. 

A measure of the stopping power d iss ipa ted  by the t i r e  P d , t  is given by

stff(Fx cos $ -I-Fy s i n  $>VS + Fy s i n  $ ( 1  - S ) g  d tP d , t  = 
tf - t o  to 

where the carriage speed is mult ipl ied by t h e  s l i p  ra t io  t o  obtain the s l i p  
speed ( r e l a t i v e  speed between t ire and pavement). The last  term i n  equation (71,it'Fy s i n  Q ( 1  - S>V d t ,  is an estimate of the work d i s s ipa t ed  by the r o l l i n g  

re&.stance, which is a t t r ibu ted  t o  a yawed r o l l i n g  t i re .  

The cornering power d i s s ipa t ed  by t h e  t i r e  P,$t can be closely approxi
mated by the expression 

where Fy cos $ - F, s i n  (I converts the measured s i d e  and drag forces t o  a s ing le  
s ide  force perpendicular to  the d i r ec t ion  of motion and where ( 1  - SIV is the 
braked wheel speed which, when multiplied by s i n  # , !g ives  a measure of the  t ire 
lateral s l i p  speed. 

If F,, Fy, and V are measured i n  U.S. Customary Units, then the values 
determined from equations ( 6 1 ,  (71, and (8) must be divided by 550 to express 
t h e  power terms i n  u n i t s  of horsepower. 

RESULTS AND DISCUSSION 

Pert inent  data obtained from a l l  the an t i sk id  braking tests are presented 
i n  table I, together w i t h  parameters which describe each test condition. I n  
addi t ion,  time his tor ies  of key parameters from a l l  t h e  testa are presented i n  
t h e  appendix, The tabular  data and t h e  appendix time h i s t o r i e s  are given for 
the convenience of the  user  i n  p lo t t i ng  t h e  data i n  ways other than those pre
sented i n  t h i s  report .  The following sec t ions  describe the  braking system 
behavior, the  t ire f r i c t i o n a l  behavior under sk id  cont ro l ,  and t h e  ant iskid
system performance under a va r i e ty  of operating conditions.  



Braking System Behavior 


In order t o  adequately study the performance of ths antiskid system, it is 
first necessary to establish the response characteristics of the braking system
and its components. The following paragraphs describe the pressure-torque 
response, the brake hydraulic response, the antiskid-system electronic response,
and the braking-system response t o  transient runway friction conditions. 

Pressure-torque response.- The relationship between brake pressure and 
brake torque is illustrated by the time histories in figure 12. The data pre
sented in the figure are for a run that was torque limited during approximately
40 percent of the test, aqd was so chosen t o  minimize the effects of cyclic 
braking on the pressure-torque response. For the test condition illustrated, 
braking was initiated at about 1 see and the brake pressure rapidly increased 
t o  the nominal system operating pressure of 21 &Pa (3000 psi). The figure shows 
that when braking is initiated, the torque developed by the brake increases 
rapidly from 0 t o  approximately 21.7 kN-m (16 000 ft-lbf) and gradually increases 
with continued braking until the antiskid system is called upon t o  modulate the 
brake pressure in an effort t o  maintain the desired slip ratio and to prevent a 
wheel lockup. Figure-12 also shows that continued heavy braking causes the 
brake torque t o  dimish until the antiskid system is no longer modulating the 
brake pressure. The gradual torque rise which occurred during initial braking
and the loss in torque (brake fade) which was noted near the end of the test 
are most likely due t o  the heating of surfaces within the brake. Another illus
tration of brake heating effects is found in figure 9(a). For that particular 
test %he antiskid system was forced t o  gradually reduce the average brake pres
sure from approximately 18 MPa (2600 psi) at the start of the run to about 
10 MPa (1450 psi) at the end of the run t o  maintain a uniform brake torque of 
approximately 18 kM-m (1300 ft-lb) throughout the braking test. 

Hydraulic and electronic response.- Time histories of the pressure response 
at the antiskid control valve and at the brake during a typical antiskid braking 
test.are presented in figure 13. In this example, the brake is not torque
limited and the antiskid system is actively modulating the brake pressure.
Although approximately 3 m (IO ft) of the hydraulic bine and a line fuse sepa
rate the two transducers, no measurable hydraulic lags can be detected between 
them as the pressure response spikes of each occur at approximately the same 
time, as shown by the dashed lines in the figure. However, approximately 
50 msec is required for a complete pressure dump due t o  the lags caused by Pine 
flow restrictions; this duration closely corresponds t o  the approximate time 
noted in figure 14 for the tire t o  lock up following a transition from a dry 
section t o  .aflooded section of the runway. 

The electronic response characteristics of the antiskid system can be 
described by examining the test wheel speed signal, the skid signal generated 
by the antiskid system, and the brake pressure. Typical time histories of these 
signals are presented in figure 14 for a transition from a dry section to a 
flooded section of the runway. As the dashed vertical line in the figure indi

cates, there is essentially no time lag between the wheel incipient skid point, 

the initiation of the skid signal, and subsequent brake pressure tlump. 
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Response t o  runway f r ic t ion  t rans i t ion . - The adaptive cha rac t e r i s t i c s  of 
the  an t i sk id  system Ere i l l u s t r a t e d  by time his tor ies  of the wheel speed, the  
skid s igna l ,  the brake pressure,  and the drag-force f r i c t i o n  coef f ic ien t  as pre
sented i n  f igu re  '15 f o r  bm t rans ien t  runway Triet ion conditions. The response 
of the braking system to  a s ingle  t r ans i t i on  fmn! a d r y  to a flooded runway 
surface is presented in figures 15(a) and 55(b) for nominal carriage speeds of 
41 knots and 100 knots, respeetiveiy.  Ai; both test  speeds, the brake pressure 
reached a nominal system operating pressure of 21 Mfa (3000 p s i )  and was modu
lated by the an t i sk id  system on the  dry surface. Upon enter ing the  flooded see
t ion ,  t he  wheel i n  both tests rapidly decelerated to  a deep sk id ,  as noted by 
the immediate reductlor? i n  wheel speed. A t  a carrisge speed of 41 knots, the 
an t i sk id  system reacted quickly tt; permit the wheel do recover from the skid,  
and the  remainder of the  braking t e s t  wzs conducted with proper an t i sk id  pro
tec t ion .  A t  a carriage speed of 106 knots the wheel d id  not recover but  con
tinued to skid even though the a n t i s k i d  system responded properly and released 
all brake pressure. The predicted spin-up hydroplaning speed f o r  the t i r e ,  
based upon a t lre I n f l a t i o n  pressure of 0.97 MPa (140 p s i ) ,  was 91 knots (equfv
a l e n t  t o  a wheel. speed or" 75.16 r p s ) ;  thus ,  once the tire had spun down, insuf
f i c i e n t  torque was b e i n g  developed between the t ire and t h e  pavement t o  sp in  
the tire up. (See ref.  5.) 

Time h i s t o r i e s  sf test  runs t h a t  were selected t o  i l lustrate  the  response 
of  the  braking system &iring the t -kans i t i sn  from 8 flooded to  a dry runway sur
face are presented i n  f igures 15(r3) and 1 5 ( d j ,  f~ nominal carr iage speeds of 
43 knots and 102 knots ,  respect ively.  I n  both tests,  the  wheel was spun up t o  
carriage speed on a dry  sui-face p r i o r  t o  enter ing the flooded test sect ion and 
the brakes were applfed a t  or near t h e  flooded section. Figure 15(c) shows 
t h a t ,  a t  43 knots,  t h e  an t i sk id  system pmper ly  cont~olledt he  braking ac t ion  
on t h e  flooded portion of the  rrmwzzy and maintained a mean br%ke pressure of 
approximately 6 Le 8 MPa (900 to 1200 p s i ! .  Note that a t  3 . 3  sec, changes i n  
t h e  developed drag-force friction coefficient resu l ted  i n  corresponding changes 
i n  brake pressure. Upon reaching the  dry runway, t h e  brake pressure rapidly 
increased t o  a mean %ralue sf approximately 54 MPa (2000 p s i ) .  I n  f igure  15(d), 
however, upofi enter ing the flooded t e s t  sect ion a t  210 knots, t he  wheel commenoec 
to spin d c i  due t o  dynamic t i r e  hydroplaning, which caused the  s k i d  s igna l  
t o  become saturated.  The predicted t i r e  spkn-down hydroplaning speed, based 
upon an inflation pressure of 0.97 IulPa (140 p s i ) ,  was 206 knots (equivalent t o  
a wheel speed of 17.66 r p s ) .  (See ref. !5*1 Upon reaching t h e  dry section, the  
wheel rapidly spun up t o  carriage speed and the brake pressure increased t o  a 
maximum pressure of nearly 21 Wa (3000 p s i )  i n  approximately 0.7 sec. Subse
quent braking on the  dry runway 'r;i?s with normal antiskid protection. 

Tire Frictional Eehavior Under Skid Control 

E f f e c t o f f o r c e  -f r i c t i o n  coefficient.-
The average maximum drag-force friction c o e f f i c i e n t  i-ldtmax as developed by 
the unyawed t ire under dry ,  damp, and flooded conditions is presented as a 
function of car r iage  speed i n  f i g w e  16. The fairings in the  f igure  are l i n e a r  
least-squares curve fits of &he data. AS expec ted ,  values of Dd,mx for  the  
w e t  runways are s u b s t a n t i a l l y  lower than those for  the dry  runway and t h e  d i f 
ference becomes greater w i t h  increasing water depth, pa r t i cu la r ly  a t  the higher 
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speeds; a l s o ,  they approach neg l ig ib l e  values on the flooded runway near the 
predicted t i re  spin-down hydroplaning speed of 106 knots. Noted i n  t h e  f i g u r e  
is the maximum value of the drag-force f r i c t i o n  coe f f i c i en t ,  0.78, which w a s  
predicted from the  empir ical  expression developed i n  reference 11 f o r  t he  test  
t ire operat ing a t  very low speeds. It is apparent from t h e  f a i r i n g s  t h a t  t h e  
dry data f o r  cd;max would fa l l  below t h i s  pred ic t ion  i f  extrapolated t o  zero 
speed. The  reason f o r  t h i s  apparent d i f fe rence  can be explained by examining 
the  data of f i g u r e  17 where values of pd ,ma  t h a t  were obtained s o l e l y  during 
the  first wheel spin-down a t  the i n i t i a l  brake appl ica t ion  f o r  each test are 
presented as a funct ion of carriage test  speed. These values represent  the 
maximum f r i c t i o n  coe f f i c i en t s  ava i l ab le  from an unheated t i re  and are faired 
by a straight l i n e  t h a t  corresponds t o  a least-squares f i t  of the data and 
which, when extended t o  very low ground speeds, agrees  very c lose ly  with the  
value of Dd,max t h a t  was empir ical ly  determined from reference  11 f o r  cold 
t ires during a s ing le  braking cycle, For comparison purposes, the f a i r i n g  of 
t h e  average values of pd,- obtained over the e n t i r e  durat ion of each of the 
e igh t  test runs (fig.  16) is a l s o  presented i n  the f igure .  The maximum f r i c t i o n  
developed during the i n i t i a l  brake cycle is shown t o  exceed the average m a x i 
mum developed throughout each of the tests, p a r t i c u l a r l y  those conducted a t  
speeds below approximately 80 knots.  The lower average maximum values are 
a t t r i b u t e d  t o  the high t i re  temperatures generated as the an t i sk id  system main
t a i n s  t h e  tire a t  a r e l a t i v e l y  constant s l i p  r a t i o .  

The data of f igu re  16 w e r e  obtained at a yaw angle of 0O. The f a i r i n g s  
of these data f o r  the three sur face  condi t ions are reconstructed i n  f i g u r e  18, 
together  w i t h  corresponding data obtained at  yaw angles  of 3 O  and 60, t o  show 
the  effect of yaw angle on cd,max. The f i g u r e  shows that the effect of yaw 
angle is dependent upon the  sur face  condition. With the  in t roduct ion  of yaw, 
pdYmax is shown t o  be reduced on the dry sur face  but t o  be r e l a t i v e l y  unaf
fected when the  sur face  was damp o r  flooded. 

-
The effect of tire tread wear on pd,max is presented i n  f i g u r e  19 where 

the  Values O f  vd,max f o r  t ires having new and worn treads are p lo t t ed  as a 
function of car r iage  _speed under the three test  sur face  conditions.  The new 
tread data were obtained from the faired curves of f i g u r e  16. The data indi -cate t h a t  when the new tread is replaced by a worn tread, pd,max is increased 
on the  dry surface and is reduced on the damp and flooded runway sur faces .  
These t rends are i n  reasonable agreement w i t h  similar t rends  noted i n  refer
ences 2 and 6.  

Effect of test  parameters on maximum side-force f r i c t i o n  coef f ic ien t . - The 
maximum side-force f r i c t i o n  coe f f i c i en t s  ava i l ab le  t o  the f r ee - ro l l i ng  t ire 
under dry,  damp, and flooded condi t ions are p lo t t ed  as a funct ion of carriage
speed i n  f igu re  20. The f a i r i n g s  i n  the  f i g u r e  are l i n e a r  least-squares  curve 
fits of t h e  data. The values of psYmax always occur during the f r ee - ro l l i ng  
port ion of the  run and, f o r  t he  w e t  runway sur faces ,  are lower than those f o r  
the dry runway sur face  w i t h  the d i f fe rence  becoming greater w i t h  increas ing  
water 'depth and speed. As expected, t he  values of ps,mxo a t  a yaw angle of 
60 a r e ' s u b s t a n t i a l l y  higher than those a t  a yaw angle of 3 on the dry and damp 
runway surfaces .  On the flooded sur face ,  however, t h i s  t rend w a s  no t  as c l e a r l y  
defined as t h e  values of pS max a t  both yaw angles  are shown t o  approach 0 i n  
the  region of t he  predicted tire spin-down hydroplaning speed of 106 knots. 
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The effect of tread wear on is  shown in Figure  21 here the values 
of ps max a t  a yaw angle of  60  on dry, damp, and Tlooded ~ u n w a ysurfaces are 
p lo t ted  as a fmct ion  of carriage speed. The new-tread data werle obtained from 
the  faired curves i n  f igure  28 f o r  a yaw angle of 6". The data show irma5gnif
i can t  differences between the values of ps,max that ,  are developed w i t h  new 
and wom treads on t h e  d ry  surface, but there is a d e f i q i t e  fr-i~tisr?703s on the 
w e t  surfaces when the  new t i r e  tread is  replaced by a w@rr? o m .  Further,  the 
f r i c t i o n  lo s s  appears t o  become more pronounced with inbreasing water depth.  

Interaction between braking and cornering.- TypirtaL t i r e  frictton response 
t o  an t i sk id  braking on dry and flooded runway surfmes ( in t e rac t ion  between 
braking and cornering) is presented i n  f igure  22. The  drag- and side-force 
f r i c t i o n  coe f f i c i en t s ,  'pd and pSl respect ively,  for  t h e  t % ~ eyawed t o  30 and 
operating a t  a nominal. carriage speed of  12 knots are plo t ted  as a f u n c t l m  of 
wheel s l i p  ratio. The data presented i n  t h e  f igure  i l l u s t r a t e  t h e  S r~egu la r  
nature  of the f'riction coef f ic ien t  t o  which the  an t i sk id  braking system ms& 
respond. The random per-turbations can be  a t t r i b u t e d  t o  a combination of such 
factors as small f luc tua t ions  i n  t h e  6ire v e r t i c a l  load ciue t o  runmy unevenness, 
f l e x i b i l i t y  i n  the wheel support which would be reflected i n  'the measured drag 
and s i d e  forces, variations i n  the runmy surface r"r*iction characteraistics, t ire 
and brake temperatures, and the spr ing coupling provided by the tire bekween t he  
wheel and the pavement. Referenee 12 discusses  sume of these factom i n  de ta i l .  

The data presented i n  figwe 22 also i l l u s t r a t e  the tract"Ln lss~esasso
ciated with flooded runmy operations.  For example, on the  iiry ~ - t " y ~tho maxi
mum value of pd is 8 - 5 5 ,  but it never exceeds 8.25 on t h e ' f l s s d e d  rumray. A 
somewhat smaller loss  i s  noted i n  @hennaximuni side-force f r i c t i o n  coefficients.  
The f igure  a l so  demonstrates the deter iora t ion  i n  t5re cornering capabi l i ty  with 
increased braking e f f o r t  ( s l i p  r a t i o ) .  The value of ps is reduced approxi
mately lr4 percent on the dry  runway a t  a s l i p  ratio of only Q . f c j ,  which i s  t h e  
maximum value r-eached i n  the &est illustrated, and ps is reduced to a neglf
gible  value a t  a s l i p  r a t i o  of 0.2 on the  flooded surface. These t rends are 
consis tent  with those nc-ked for  similar antiskid braking tests i n  refe~enoesI 
and 6 and fu r the r  i l l u s t r a t e  t he  csrnering/brakiEg dilemma facod by a n t i s k i d  
manufacturet-s e 

Effect of cyc l ic  braking on maximum dmg-force f r i i s t l on  coeff ic ient . - k 
COmpariSOn between the VZ3lUeS Of pd mx EeaSUFed dUrit?g s h I ~ ~ - & y C ~ ~ b P % k h g  
tests made without an t i sk id  protect ion and the  average of corresponding %7aLues 
measured under the  same test conditions with %he ant i sk id  sgstein operational
is presented in f igu re  23. The data are presented separateLjr for  dry, ciamp, 
and flooded test conditions and for all the test  condLtfons combined. These 
data include coe f f i c i en t s  for tests a t  various speeds: yaw angles, v e ~ t f c a l  
loads, and fop worn as we11 as new tread configurations. The data fop ezch test 
condition are faired by a least-squares f i t  through the plot origins. The  data 
ind ica te  tba% the  maximum drag-force f r i c t i o n  coefficients obtained f m m  single-
cycle braking tests tend ts be higher than the  average maximum coefficients 
developed by the antiskid system on t h e  dry and flooded sur-Taces and tend IC0 
underestimate those on a damp surface.  Khen t he  data for all th ree  surface wet
ness conditions are compared simultaneously, the  tendency is for the  single-
cycle data ts be higher than the  maximum drag-fsroe f r ic t ion  coe f f i c i en t  avail
able t o  %he ankisk id  system. These results? which are i n  close agreement w i t h  
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the  r e s u l t s  reported i n  reference 6, imply t h a t  braking performance calcula
t ions  t h a t  are based upon the values of pdym= obtained from a number of  an t i -
skid cycles would be more representat ive than those based on pd,max from a 
s ingle  braking cycle because the lat ter neglects ,  among other  things,  runway 
surface var ia t ions  and t i re  heating effects. 

Antiskid-System Performance 

Braking performance.- In t h i s  sec t ion ,  two terms are used t o  present a 
measure of an t i sk id  performance: ( 1 )  the performance r a t i o  which assesses the 
ab i l i ty  of the  an t i sk id  system t o  use the f r i c t i o n  t h a t  is ava i lab le  a t  the 
tire/runway in te r face ;  and (2) the t o t a l  stopping power which e s s e n t i a l l y  
describes the extent  of the braking e f fo r t  t h a t  is developed by the an t i sk id  
system . 

Antiskid braking performance r a t i o s  nb were computed and l i s ted  i n  
table I f o r  a l l  braking tests except those which were torque l i m i t e d  throughout 
t h e  e n t i r e  run, those involving t i re  hydroplaning, and those performed t o  examine 
the effects of a runway f r i c t i o n  t r ans i t i on .  Figure 24 is a p lo t  of r)b pre
sented as a function of the  average maximum avai lab le  drag-force f r i c t i o n  coef
f ic ien t - Ed, max. With the exceptions mentioned, a l l  t h e  data are p lo t ted  i n  
the f igure  and the wide range of test var iab les  (surface condition, yaw angle, 
car r iage  speed, tire wear, etc.) resu l ted  i n  the scatter shown. The braking 
performance r a t i o  f o r  a l l  damp and flooded tests varied from 0.47 t o  0.94 w i t h  
an average value of 0.80. The magnitude of vd max on these wetted surfaces  
never exceeded 0.4. The braking performance r a t i o s  f o r  the dry surface tests 
varied from 0.79 t o  1.00 w i t h  an average value of 0.94 where the  range of-

pd,max extended from O.&3 t o  0.65. For the  four runs on random dry/damp sur

faces where pd,- ranged from 0.37 t o  0.54, the average braking performance . 
r a t i o  was 0.76. Thus the  antiskid braking system is shown t o  su f fe r  a loss i n  
performance on w e t  surfaces  - the surfaces  t h a t  have the g rea t e s t  need f o r  good. 
performance s ince  they have lower f r i c t i o n  coef f ic ien ts .  

I n  order t o  i l l u s t r a t e  the effect t h a t  various test  parameters have on the  
braking performance r a t i o s  of the an t i sk id  system, the  data are presented in  
bar-graph form. Figure 25 presents  these data i n  terms of qb, a numerical 
average of a l l  data from a given test condition. For example, the dry, 50-knot 
bar graph is the average of a l l  dry runs conducted a t  50 knots, including the 
various yaw angles,  v e r t i c a l  forces ,  and tread configurations.  The t rends 
observed f o r  some of these test conditions may be influenced by a s m a l l  sample 
s i ze .  On the dry surface,  flb increases s l i g h t l y  w i t h  t i re v e r t i c a l  loadings, 
decreases when the new tread is  replaced w i t h  a worn tread, and suggests no 
d iscern ib le  treqd f o r  var ia t ions  i n  the car r iage  speed and wheel yaw angle. The 
average performance r a t i o  on the w e t  surfaces  is shown t o  decrease w i t h  increas
ing  carriage speed, increasing yaw angle,  and when the  new tread is  replaced by 
a worn tread and t o  increase wi th  increasing v e r t i c a l  force  on the  tire. The 
t rends described here on both w e t  and dry surfaces  are i n  agreement with t rends 
observed from another an t i sk id  system and reported i n  reference 6 f o r  var ia t ions  
i n  carriage speed, t ire v e r t i c a l  loading, and tread condition. However, some 
differences do exist between these data and those of reference 6 as t o  the 
effect t h a t  yaw angle changes have on the performance r a t i o .  The data presented 
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i n  f igure  25 suggest tha t  the br~A-:ingperformance sf t h i s  an t i sk id  system may 
be degraded as t h e  aircraft  yaw angle approaches G o ,  as might occur during 
ersss-wind operations,  may bo reduced by excessive wing lift; during the  landing 
rol l -out ,  and may be reduaeci by excessive tire wear, pa r t i cu la r ly  under wet 
runway conditions a 

The gross stopping power- P , j Z g  ieq.  (6)) developed by the an t i sk id  system,
which is a measure or" the ovei-all a i L L i s k i d  braking e f f o r t ,  is l isted I n  table I 
for- each test; condition. Bar grzphs which are t h e  average of  these data are 
presented i n  f igure 26 t o  bes~rfbethe effects of test-parameter var ia t ions ,  
Data from torque-limited bests  and f s w m  tests involving t i re  hydroplaning are 
included i n  t h e  f igure  but n@t data frm tests performed under t r ans i en t  runway 
f r i c t i o n  conditions.  As expected, 'neeailse of higher avai lable  f r i c t i o n  coef
f i c i e n t s ,  t he  gross stopping pok-8~63u the dry surfzce is much higher than t h a t  
on the  %et runway surfaces.  O a  the dry  surface, Fd,g increases  with car r iage  
speed and t i r e  v e r t i c a l  force, and decreases w i t h  yaw angle. The t i r e  tread 
condition appeared t o  have ~ i t t ~ eeffect- on the  w e t  surfaces ,  Pd,g increases  
with t i re  v e r t i c a l  force, decreases wi th  t~eadw e ~ r ,i s  lower a t  a yaw angle 
of Go than at angles of either 0" or  309  and there is no d iscern ib le  trend for  
variati~nsin carriage speed, 

The stopping powep d i s s i p a t e d  by khe t i r e  alone P d , t  (eq.(7)) is only a 
small f r ac t ion  or" the gross s;tc.p.pi-mg powt3-r- but. it does provide an indicat ion of 
the  tread wear associated w i t h  braking effor t ;  thus,  the ideal  ant i sk id  s y s t e ~  

FdZf arid minimize IPd,t. Vaiiles of Pd,t are l i s t e d  i n  table 1 
for  each test  condi  ion .  These data are zvet-aged and plot ted as ba r  graphs In 
r"igz;ire 27 to show the effects a t t r i b u t s d  i o  test-parameter var ia t ions.  Data 
frcrr; a l l  tests except those performed t~ staciy t h e  effect of a runway f r i c t ion  
Lransltion? are- included in? the figure. The figure show3 t h a t  for corresponding 
conditAons, P d , t  is highai-. mi t h e  d ~ ysurface than on t he  wet surfaces ,  a3 
konld  be expect;ed since higher. r'or-ces w e  gemrated on the dry surface.  On a 
dry stirface, Pd,t imr-eases u i t h  yax arlgle and h hen a new tread is replaced 
by a worn tread, decreases with tire uertical. force, m d  there  i s  no discern--
i b l e  trend f o r  changes i n  carriage speed. 02 the wet runway surfaces,  P d s t
fnoreases with carriage speed, f r t c r e a ~ ~ swith t i re  v e r t i c a l  force,  decreases when 
a worn tread is used, arid there is  nc d iscern ib le  trend f o r  var ia t ions  i n  the  gat+ 
angle. The data i n  f igure  27 Indicate Chat the  most severe tread wear occurs 
during combined brakPng and cornering operations cjn a dry surface.  

The ratio of t i r e  stoppifig p o m r  tc i  gross  stopping power f o r  each tes t  is-plo t ted  as a function of i-icj,max in figr~sw28. Data are not included for  
torque-limited tests, fo r  tesks px=r"or.medunder t r ans i en t  runway f r i c t i o n  COP?
df t ions ,  or for  tests involving t L r e  hydroplaning. The curves which fair the 
data represent a least-squzres fit and i n d i e a t e  t h a t  t he  r a t i o  increases  as the  
surface f r icb ion  level decreases,  perhaps due t o  hydroplaning effects and t o  an 
increasing slip ratio bhr-eshold on lower Prfctfon surfaces.  The f igu re  a l so  
shows t h a t  the  general. effect of increasfrig the  wheel yaw angle is t o  inorfiase 
the  percentage of the t o t a l  stopping power dissepated by t h e  t i r e ;  thus an 
increase i n  give wearP which wzs siiggested by the  amount of rubber deposited on 
the runway durifig yawed ro lLlng  t e s t s  is hdica ted .  
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Cornering performance.- Antiskid systems are not designed t o  maximize 
Cornering performance s ince  good cornering is not  compatible w i t h  heavy braking, 
but  cornering is important f o r  d i r ec t iona l  cont ro l ,  espec ia l ly  when cross  winds 
are present.  

The an t i sk id  system cornering performance r a t i o  7lc f o r  the individual  
braking tests a t  yaw angles of 3O and Go is l is ted i n  table I and is presented 
i n  f igu re  29 as a ba r  graph f o r  the average values f o r  each set of test condi
t ions .  The data ind ica t e  t h a t  fie w a s  higher on the  dry surface than on the 
w e t  surfaces.  I n  addi t ion ,  the average cornering performance r a t i o  i s  shown 
t o  decrease f o r  both surface conditions w i t h  increasing yaw angle and when the  
new t i re  w a s  replaced by a-worn one. The e f f e c t  of increasing car r iage  speed 
w a s  general ly  t o  improve rl, on both the dry and w e t  surfaces.  

The cornering power d iss ipa ted  by the t ire P,,t (eq. (8) )  not only is 
indica t ive  of t h e  o v e r a l l  cornering capab i l i t y  of t he  t i re  during the an t i sk id  
control led braking, but  a l s o  provTdes an ind ica t ion  of the increased tread wear -associated w i t h  the s teer ing  e f f o r t .  The effects of test-parameter va r i a t ions  
on P, t are presented i n  f igu re  30 as bar graphs. The data indica te  tha t  
the  vaiues of Fc,t are, as expected, considerably higher on the dry surface 
than on the w e t  surfaces and increase with yaw angle and speed on both surfaces. 
The value of Pc,t w a s  higher f o r  the worn tread condition on the dry surface 
and was higher f o r  the  new t r ead  condition on the  w e t  surfaces .  Although 
decreased with increasing yaw angle (fig. 291, the values of P,,t increased 
subs t an t i a l ly  when the yaw angle w a s  increased from 3O t o  60 (fig.  30); thus 
the need fo r  both power terms and performance r a t i o  terms when studying the char
acteristics of an t i sk id  systems is i l l u s t r a t e d .  

CONCLUDING REMeXKS 

An experimental inves t iga t ion  was conducted a t  the Langley a i r c r a f t  landing 
loads and t r ac t ion  faci , l i ty  t o  study-the  braking and 'cornering response of a 
s l ip-rat io-control led aircraft an t i sk id  braking system w i t h  ground speed refer
ence derived from an unbraked nose wheel. The inves t iga t ion ,  conducted on dry 
and w e t  runway sur faces ,  u t i l i z e d  one main gear  wheel, brake, and t i re  assembly 
of a McDonnell Douglas DC-9 series :lO airplane.  

During maximum braking, the average r a t i o  of the drag-force f r i c t i o n  coef-
Ticient  developed by the an t i sk id  system t o  the maximum drag-force f r i c t i o n  
coe f f i c i en t  ava i lab le  w a s  higher on the dry surface than on damp and flooded 
surfaces  and was reduced w i t h  l i g h t e r  v e r t i c a l  loads,  higher yaw angles , , and  
when new t ire treads were replaced by worn treads. Similar ly ,  the average r a t i o  
of side-force f r i c t i o n  coe f f i c i en t  developed by the t i re  under an t i sk id  cont ro l  
t o  the  maximum side-force f r i c t i o n  coe f f i c i en t  ava i lab le  t o  a f r e e l y  r o l l i n g  
yawed t i re  decreased with increasing yaw angle ,  general ly  increased with ground 
speed, and decreased when t ires w i t h  new treads were replaced by those w i t h  worn 
treads. 

The average gross  stopping power generated by the  brake system w a s  consi id
erably higher on the dry surface than on the w e t  surfaces .  That port ion of the 



stopping power which was dissipated by the tire and which provided an indication 

sf the tire wear was observed to be greatest during combined braking and corner

ing on a dry surface. 


The interaction between braking and cornering;indicated that, during anti-
skid cycling on a dry surface, the side-force friction coefficient was typically 
reduced by mere than 40 percent; on a flooded surface, thts coefficient was 
reduced to negligible values. 

During the transition from a dry t o  a flooded surface under heavy braking, 
the wheel entered into a deep s k i d  but the antiskid system reacted quickly and 
permitted the wheel to regain ground speed and to resume braking on the flooded 
surface while preventing subsequent-deep skids. Brake pressure recovery was 
rapid following t h e  transition from a flooded to a dry surface. 

Langley Research Center 

National Aeronautics and Space Administration 

Hampton, QA 23665 

June 30, 1977 
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Brake 
Tire supply 

RW tread pressure Surface 
:onditio condit ion 

1 New 19 2700 0 Dry
2 New 21 3000 0 Dry
3 New 21 3000 0 Dry
4 New 20 2890 0 Dry
5 New 20 0 D m  
6 New 21 0 Dry
7 New 21 E 0 Dry
8 New 21 0 Dry
9 New 21 13000 0 Damp 

io New 21 13000 0 Damp
1 1  New 21 13000 0 Damp 
12 New 21 3000 0 Damp
13 New 21 13000 0 Damp
14 New 21 3000 0 Damp
15 New 21 3000 0 
16 New 21 3000 0 Damp
17 New 21 '3000 0 Damp 
f8 New 21 3000 0 Damp 
19 New 21 3000 0 Damp 

!1 
?2 

New 
New 

21 3000 
21 3000 

0 
0 

Damp 
Flooded 

23 New 20 2930 0 Flooded 
24 New 20 2880 0 Flooded 
2s New 21 3000 0 Flooded 
26 New 21 3000 0 Flooded 
37 New 20 2900 0 Flooded 
28 New 20 2910 0 Flooded 
?9 New 21 3000 0 Flooded 
30 New 21 3000 0 Flooded 
3 1  New '21 3000 0 Flooded 
32 
33 

New 
New 

19 2820 
18 2640 

0 
0 

Flooded 
Flooded 

34 New 19 2770 0 Flooded 
35 
36 

39 
40 
11 

New 
New 
New 
New 
New 
New 
New 

19 2760 
19 2780 
19 2820 
19 2800 
19 2840 
20 2870 
21 3000 

0 
0 
0 
0 
0 
0 
0 

DryiFlooded 
Dry1FLooded 
Dry/Flooded 
Flooded/Dry 
Flooded1Dry 
FloodediDry 

Random 

20 New 20 2900 0 Damp 

;; 
DryiDamp 

92 New 21 3000 3 Dry
93 New 21 3000 3 Dry
94 New 21 3000 3 Dry
15 
16 
117 
48 

New 
New 
New 

21 
21 
19 

3000 
3000 
2800 

3 
3 
3 

Damp 
Damp 

Flooded 
19 New 19 2820 3 Flooded 
50 N e w  20 2860 3 Flooded 
51 
52 
j3
54 
55 

New 
New 
New 
New 
New 

21 
21 
21 
21 
21 

3000 
3000 
3000 
3000 
3000 

6 
6 
6 
6 
6 

Dry
Dry 
Dry
Damp 
Damp 

New 21 3000 3 Damp 

- I 

_ g _ s s _ _ _ _  

63.6 14 300 
81.8 18 400 
80.1 18 000 
81.8 18 400 
81.4 18 300 
38.3 22 100 
98.3 %2 700 
97.4 21 goo
62.3 14 000 
63.2 14 200 
61.8 13 900 
81.0 18 200 
80.5 18 109 
81.0 18 200 
97.3 22 000 
97.4 2i 900 
37.4 21 goo
17.9 26 500 
18.3 26 600 
18.3 26 600 
18.8 26 700 
61.8 13 900 
61.8 13 900 
61.4 13 800 
8i.4 18 300 
81.0 18 200 
80.5 18 100 
80.1 18 000 
97.9 22 000 
97.0 21 800 
98.8 22 200 
22.3 27 500 
18.8 26 700 
17.9 26 500 
83.2 18 700 
84.1 18 900 
85.0 19 100 
83.2 18 700 
63.6 14 300 
64.5 14 500 
79.6 17 900 

80.5 18 100 
81.8 18 400 
82.3 18 500 
81.0 '18 200 
81.0 18 200 
80.1 18 000 
64.5 74 500 
82.3 18 500 
83.2 18 TOO 
81.4 18 300 
81.4 18 300 
82.3 18 500 
81.0 18 200 

TABLE I. 


'4, max 

97 3.58 0.59 3.03 0.98 
44 
68 

-54 .57 -58 .59 ~ 

.02 

.04 
-95 
-98 

35 
38 

-57 .57 
.52 .54 

-03 
.03 

1.oo -96 
39 I 5 3  * 54 .02 -98 
68 .51 .51 LO2 1 .oo 
98 .50 .53 e 04 .9h 
47 .32 .36 .05 .87 
71 .26 .33 .02 .77 

703 .16 .13 .03 .8 1 
46 -31 .35 .03 .88 
73 .29 .35 .03 .bl  
99 .2? .25 .03 .82 
46 .30 .33 .03 .30 
72 -28 .31 .02 * 90 

101 .26 .29 .04 * 88 
45 * 33 .35 .04 .34 
41 .33 .35 .02 -94 
72 .28 .32 .03 .85 
99 .28 .26 .05 -91 
74 .l% .19 .05 .92 

101 .06 .04 
102 .07 .O7 
50 .26 .29 .03 .88 
74 .17 .13 .O5 .86 
75 .16 .17 .04 .92 

100 .05 
46 .27 -30 -03 .e3 
72 . I9  .21 .04 .%8 

100 .07 -07 
46 .25 .28 .04 .88 
72 -18 .%I .04 .82 

103 .06 '05 
41 611.21 
70 551.1s 

100 46/ 
43 3zi* 5(:
73 18/.5' 

65 .38 .46 .04 .82 

39 
72 

.52 
* 49 

. 53  - 50 
.03 
.03 

.g8

.98 
99 -47 .49 .02 .36 
46 .32 .36 -03 .85 
70 .24 .30 .04 .74 
98 .26 .32 a 06 .77 
48 .24 .28 .04 .83 
72 .16 .19 .04 .80 
IO2 .06 .06 
40 .46 .48 .06 .95 
67 .45 .47 .07 .95 
97 .43 * 44 .Ob .37 
44 .28 .31 .04 .83 

102 /.57 

81.0 18 200, 70 .22 .28 .06 .73 
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CONDITIONS AND RESULTS 

e rcen t  0. Gross T i r e  T i r e  

run time Cornering verage stopping stopping ornering Hydro.

brake wa: ierformance s l i p  power power power ,laqinl Tun 
- - -torque r a t i o  r a t i o  
limited kW LW hP -

24 I 0-09 1962 ?631 172 231 0 No 1 
I -15 I134 1521 164 220 0 2 

14 -01 .09 1764 2366 153 205 0 3 
39 
39 

-01 
I 

-10 
.07 

r476 3321 235 315 
!248 3014 148 198 

0 
0 

4 
5 

I .15 I187 1592 166 223 0 6 
23 
47 

I 
I 

.09 
-06 

I929 ,587 169 226 
!619 3512 151 202 

0 
0 

7 
8 

I -18 542 727 95 127 0 9 
I .12 658 882 78 104 0 10 
m . 0 1  -15 538 722 75 101 0 1 1  
I -16 664 890 104 140 0 12 
I .75 953 1278 137 184 0 13 
1 .14 931 I248 124 166 0 14 
.01 .15 772 1035 112 150 0 15 
-01 -14 1111 1490 145 195 0 16 
-01 * 12 I429 1916 158 212 0 17 

1 .14 1004 1347 136 183 0 18 
.01 -13 937 1257 113 151 0 19 
-01  -12 I339 1796 146 196 0 20 
-01 I12 I687 ?262 189 253 0 21 
.02 -16 439 589 69 92 0 0 22 
-01 .88 213 285 188 252 0 Yes 23 
-01 -64 236 317 146 196 0 Y e s  24 

1 
.01 
.Ol 

.16 
-16 
.?8 

594 796 92 123 
570 '764 89 120 
529 710 89 120 

0 
0 
0 

No 

1 
25 
26 
27 

1 -87 283 380 251 336 0 Yes 28 
.01 -16 702 941 108 145 0 No 29 
-01 .16 735 985 113 151 0 No 30 
02 -82 303 406 251 337 0 Yes 31 

1 -14 928 1244 125 168 0 No 32 
.01 .I8 856 1148 150 201 0 No 33 
-02 .81 358 480 250 335 0 Y e s  34 

1 905 1213 156 209 0 No 35 
1 1251 1677 151 202 0 No 36 
I 
1 

1209 1621 114 153 
701 940 95 128 

0 
0 

No/Ye 
No 

37 
38 

1 825 1107 92 123 0 39 
.01 923 1238 221 296 0 40 

1 -13 1136 1524 128 172 0 41 

.14 I 26 0.54 -16 952 1277 163 219 13 17 42 
- 17 .24 -71 -10 1590 2132 190 255 26 35 43 
.l9 -26 -73 -08 ,089 2801 217 291 41 55 44 
.?a -18 -56 .15 662 888 112 150 10 14 45 
.ia -20 -50 -14 773 1037 124 166 16 21 46 
. l a  -16 -63 -13 1 150 1542 168 225 21 28 47 
.07 .21 -33 * 20 431 578 85 114 5 7 48 
-05 .14 -36 -14 538 721 84 112 7 10 f 49 
.01 .91 312 419 259 347 1 2 Y e s  50 
* 22 -43 .51 -15 849 1139 173 232 37 49 No 51 
-28 -43 -65 -10 1376 1845 241 323 8 1 1  52 
.3a -43 .70 -09. 1851 2482 303 406 124 66 53 
* 1E -24 .67 .t6 580 778 127 171 29 39 54 
.1c 	 -22 -68 -14 696 933 148 198 44 59 I 55- - 
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- ~- I-__ _I 

Brake Nominal
Tire supply Yaw -

RW tread pressure angle Surface 
Vert ical  oarr iag 

kitmax r
!ondit;5.or I- d% conditiot  

load speed, 
knobs

MPE p s i  kN l b f- - -_- ___I- ~
51 New 21 300( 6 Damp 81 .c 18 20C 98 O .26 4 .Of 
5' New 19 2a4t 6 Flooded 84, l  18 g0f 45 .28 .Of 
51 New 79 274t 6 Flooded 84.1 18 90c 72 .17 .Of 
5: New 20 287( 6 Flooded 83.t 18 80C 92 .05 
6( Neu 21 300( 6 Random 80.1 18 0OC 70 .?7 .Of 

DryiDamp
6' Worn 20 288[ 0 Dry 73.6 17 90C 42 .h3 .02 
6; Worn 21 3ooc 0 Dry 80.5 18 1oc 4 3  .64 .0: 
6: Worn 20 292t 0 Dry 81.4 i8  30C 40 .64 .0: 

61 Worn 20 2a6i 0 Dry 84.3 18 goc 66 .59 .4: 

6E Worn 20 291i 0 Dry 81 .o 48 200 67 .65 .o: 

6t Worn 20 29 1C 0 Dry 81 .O 18 200 100 

67 Worn 20 2aac 0 Dry 81 - 4  18 300 97 

6E Worn 18 264C 0 Damp 83.6 18 800 43 .37 -0; 

tis Worn la 264C 0 Damp 83.6 48 800 rr4 F 35 .0: 

7( Worn 21 300C 0 Damp 79.2 I7 800 48 -21 .0; 

71 Worn 21 300C 0 Damp 73.6 77 900 4.5 -22 .02 

7: Worn 21 300C 0 Damp 79.2 17 800 47 -26 .oi 

7: Worn 18 260C 0 Damp 83.2 18 700 72 .32 *o: 

7' worn 21 300E 0 Damp 79.2 17 800 74 .I8 .0: 

75 Worn 21 300C 0 Damp 79.2 17 800 72 .25 .04 

76 Worn 21 300C 0 Damp 80.3 18 000 7 00 .27 .OY 

71 Worn 21 3000 0 Damp 80.5 18 100 43 .21 .03 

7f Worn 18 2620 0 Flooded 84.1 18 900 44 .24 .oii 

75 Worn 21 3000 0 Flooded 78.3 17 600 45 .24 .03 

ac Worn 21 3000 0 Flooded 78.3 17 600 73 .14 .os 

81 Worn 20 29 30 0 Flooded 78.7 17 700 100 
82 Worn 19 2830 0 Flooded 81.4 18 300 33 
a: 	 Worn 21 3000 6 Dry 81.4 la  300 45 .49 -06 
84 Worn 21 3000 6 Dry 83.2 18 700 70 a 48 .06 
a: Worn 19 2690 6 Dry 86.7 19 500 68 .43 .46 
8E Worn 21 3000 6 Dry 82.7 18 600 99 .45 .0 t  
a1 Worn 19 2750 6 D m  87.2 19 600 35 .47 -06 
ae Worn 19 2750 6 Damp 84.5 19 000 46 -30 IO5 
89 Worn 21 3000 6 Damp 80.5 18 100 50 * 20 .03 
90 Worn 21 3000 6 Damp 79.6 17 900 76 * 18 .03 
91 Worn 18 2620 6 Damp 85.0 19 100 72 .23 .05 
92 Worn 21 3000 6 Daw 80.5 1s 100 101 .20 -05 
93 Worn 17 2470 6 Flooded 85 .O 19 100 49 .18 .of5 
94 Worn 21 3000 6 Flooded 77.0 17 300 40 .26 .08 
95 Worn 21 3000 ti Flooded 79.2 17 a00 72 .IO .05 
96 Worn 19 2660 5 Flooded 83.6 18 800 73 .09 -05 
97 Wow 20 3900 6 Flooded 78.3 17 600 85 
9a Worn 19 2690 6 Flooded 82.7 18 600 91 e 07 
99 New 14 2000 0 Random a0 .5 18 100 72 .54 02 

00 
01 
02 
03 
04 
05 

New 
New 
New 
New 
l f?W 
New 

14 2000 
14 2000 
13 1940 
13 1940 
14 ?000 
14 SO00 

0 
0 
0 
6 
6 
6 

ky/Damp
Dry/Wet
Wet/Dry 
Wet/ D r  y 

Dry
Damp

Random 

79.2 17 800 
63,6 14 300 
63.6 14 300 
81 .O 1s 200 
00.5 18 100 
78.7 17 700 

100 
45 

100 
70 
75 
71 

,39/.5F 
/ .2f 

.51 
* 27 
9 44 

- 09 
.04- 05 

- - )ryl'Damp --___ _I 

TABLE I.-
---~ 

Erake 
m ? t b " c  

rat-is 

0.67 
-82 
.13 

-8 1 

.95 
-84 
.97 
.91 

* 90 

.79 

.78 

.89 
,8D 

.63 

.66 
.71 
.67 
.74 
f 60 
* 85 
.w 
.a5 

.119 
* 95 .(32.w 

.88 
.80 
.76 
167 

.52 .4? 
.67 
. 43  
.so 
.75 

.7? 

.90 

.74 

.69 
1~ 
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Yoncluded 

?ercent 01 Gross T i r e  T i r e  
run time 
brake wa: J S , W  
torque 

Cornering Average stoppi- stopping !ornering 
)erformanct s l i p  power power power 

ratio ratio 

Hydro-
ilanini Tun 

limited kW kW kW -
0.14 0-20 0.70 0.12 849 1138 164 220 57 76 NO 56 
-08 -27 
.02 -14 

-.01 -23 

.a0 - 17 536 71s 108 145 16 22 
-14 -15 482 646 84 112 . 8  1 1  -32 391 525 122 164 2 3 

.15 972 1304 212 284 69 93 

1 
Yes 
NO 

57 
58 
59 
60 

82 -.02 .06 1665 2233 571 766 0 61 
0 .15 1079 1447 147 197 0 62 

15 -.02 .13 1184 1588 148 199 0 63 
70 0 -08 1747 2343 136 183 0 64 
93 0 -06 1787 2397 105 141 0 65 
100 -01 .06 2483 3330 152 204 0 66 
100 0 -06 Z461 3300 149 200 0 67 

-.02 -19 692 928 IO7 143 0 68 
-01 -19 659 884 105 141 0 69 

0 * 17 406 545 70 94 0 70 
0 -23 389 522 86 115 0 71 
0 -20 459 616 88 118 0 72 
-01 .16 793 1064 106 142 0 73 
-01 -18 458 614 79 106 0 74 

0 .20 571 766 106 142 0 75 
0 .I9 954 1279 171 229 0 76 
0 -17 676 906 103 138 0 77 
.01 -20 491 659 92 124 0 78 
-02 
-01 
.01 

-20 439 589 85 114 0 -25 367 492 93 125 0 -47 265 355 125 168 0 
I 

Y e s  

79 
80 
81 

0 -87 310 416 251 336 0 Y e s  82 
-21 -45 
-29 -49 -47 -18 779 1044 195 262 31 42 

.59 -13 1482 1988 289 388 87 17 
NO 83 

84 
-12 -34 
-28 -47 -40 -13 1404 1883 237 318 41 55 

-60 -13 1904 2553 386 518 119 59 
85 
86 

-12 -36 
-05 -21 
-04 - 19 

-33 - 17 ,127 2853 426 572 59 79 
-24 -17 584 783 108 145 24 19 
-21 -19 350 470 77 103 9 12 

87 
88 
89 

-08 -28 -44 -18 425 570 101 136 25 33 90 
-02 -13 
.07 -18 

-75 -17 641 860 114 153 17 23-39 -17 559 750 136 183 31 42 
91 
92 

-.01 -10 0~ -18 348 467 65 87 1 2 93 
-10 .'18 -56 -20 474 636 116 155 '16 22 94 
.03 -08 

--02 0 -38 -19 262 352 63 84 9 12 
0 - 19 282 378 54 72 0 0 t 

95 
96 

-01 -73 258 346 190 255 1 7 Y e s  97 
.02 -91 317 425 286 384 2 3 Y e s  98 

41 -01 -10 I296 1738 170 147 0 0 NO 99 

45 -01 1331 1785 107 7 44 0 0 00 
0 0 679 910 89 119 0 0 01 
34 0 1293 1734 114 153 0 0 02 
37 .31 .44 

.13 .24 
-70 .09 I521 ?040 241 323 9 12 -54 .I3 669 897 133 179 39 52 

03 
04 

-25 -14 1007 1351 211 283 73 98 t 05 
- -
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Figure 5.- New and w o m  tread condition of S ~ X - ~ F O O V ~ ,410 x 1 4 ?  t ype  V I 1  ail-craft t e s t  tires. 



Figure 2.- Test carr iage,  



I 
0-75-3423.2
Figure 3.- Close-up view of wheel, tire, and instrumented dynamometer. 



Figure 4.- Layout of simulated braking system on test carriage. 
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Figure 5.- Schematic diagram of braking system. 



Figure 6.- Lightweight trailing wheel used to simulate airplane nose wheel. 
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(a) Time h i s t o r i e s  f o r  an entire run. 

F igure  7.- Typical antiskid-system operation. Run 20; yaw angle, O o ;  
vertical load, 118.3 kN (26 600 lbf1: brake supply ppessure, 
20 MPa (2900 p s i ) ;  tire condition, new; nominal carriage speed, 
72 knots; surface condition, damp. 
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(b) Expanded 	time histories from 1.2 to 3.2 see. 

Figure 7.- Concluded. 
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(a) Measured parameters. 

Figure 9.- Typical t i m e  h i s t o r i e s  of  measured and calculated parameters. 
R u n  43; yaw angle,  3 O ;  v e r t i c a l  load, 81.8 kN (18 400 l b f ) ;  brake 
supply pressure,  21 MPa (3000 p s i ) ;  t i re  condltion, new; nomirial 
car r iage  speed, 72 knots;  surface condition, dry.  
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( b )  Calculated parameters. 

Figure 9.- Concluded. 
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Figure 10.- Definition of various f r i c t i o n  terms. Run 54; yaw angle,  60;  
v e r t i c a l  load, 81 .0 kN ( 18 200 l b f )  ; brake supply pressure,  21 MPa (3000 p s i )  ; 
t i r e  condition, new; nominal carriage speed, 44 knots; surface condition, damp. 
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Figure 11.- Typical. time histories of var iables  used t o  obtain power tems. 
yaw angle, 6O; vertical. l o a d ,  81 .O kN ( 18 200 Ibf 1; brake supply pressure, 

Run 54; 
20 NPa (3000 p s i )  ; 'tire condition, new; nominal carriage speed, 44 knots; 
surface condition, danp. 
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Figure 12.- Typical pressure-torque relationship. Run 4; yaw angle, O o ;  vertical load,
81.8 kN (18 400 I b f ) ;  brake supply pressure, 20 MPa (2890 psi); tire condition, new; 
nominal carriage speed, 95 knots; surface condition, dry. 
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Figure 13.- Typioal hydraulic response. R u n  20; yaw angle, Oo;  vertical load, 
118.3 kN (26 600 l b f ) ;  brake supply pressure,  20 MPa (2900 p s i ) ;  t i re  
condition, new; nominal carriage speed, 72 knots; surface condition, damp. 
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Figure 14.- Typical brakeTsygtem electronic response. Run 3 6 ;  yaw angle,  O o ;  v e r t i c a l  load, 
84.1 kN (18 900 lbf'); brake supply pressure,  19 MPa (2780 p s i ) ;  t i re  condition, new; 

- Inominal carriage speed, 70 knots. 
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35; nominal carriage spely~d~(a> ~ u n  41 knots; yaw angle, 0"; vertical load,  
83.2 kN (18 700 1bP); brake auppBg pressure, 19 NPa (2760 p s i ) ;  t i r e  
caadition, new. 

Figure 15.- Typical  transient runway friction response. 
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(b) Run 37; nominal carriage sp,eed, 100 knots; yaw angle, Oo; v e r t i c a l  load, 
85.0 kN (19 100 I b f ) ;  brake supply pressure,  19 MPa (2820 p s i ) ;  t i r e  
condition, new. 

Figure 15.- Continued. 



Wheel 
speed, 
rps 

Skid 
s i g n a l s
mA 


Brake 

11 

2 Brake 
pressure,pressure, 10 psiUPa 1 

0 I I 

r-'d .5 

0 2 4 6 8 10 12 14 
Time, sec 

(e3 Run 38; nomina2 carriage speed, 43 knots; yaw angle, O0; vertioal load, 
83.2 kN (18 700 Ibf); brake supply pressure, 19 NPa (2800 psi); t i r e  
condition, new. 

Figure 15.- Continued. 
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(d) Run 40; nominal carriage speed, 102 knots; yaw angle, O o ;  vertical load, 
64.5 kN ( I 4  500 lbf); brake supply pressure, 20 MPa (2870 psi); tire 
condition, new. 

Figure 15.- Concluded, 
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Figure 16.- Effect of carriage speed on maximum drag-force fr ic t ion coefficient. 
Yaw angle Oo; vertical load, 80 a 1 ECN ( 18 OQO l b f r  ; brake supply pressure, 
21 MI"a ( 3 O M i  p s i ) ;  t i r e  ~~nditian,new. 
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Figure 17.- Dry surface friction coefficients for first wheel spin-down following 
initial brake application compared with Ed,max obtained during entire run. 
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Figure 18.- Effect of yaw angle on maximum drag-force f r i c t i o n  
coef f ic ien t .  Vertical load, 80.1 kM (18 000 Ibf); brake 
supply pressure,  21 MPa (3000 p s i ) ;  t i re  condition, new. 
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Figure 19.- Effect of t ire tread- wear on maximum drag-force f r i c t i o n  
coe f f i c i en t .  Yaw angle,  00; pertical load, 80.1 kN (18 000 l b f ) ;  
brake supply pressure,  21 MPa (3000 p s i ) .  

47 




Carriage speed, knots 



-- 
New tread ( f i g .  79) 

-- 0 Worn tread 

.4 

's ,max .2 . 

Damp 

20 40 6Q 

Carriaqe speed, knots 

Figure 21.- Effect of tread wear on maximum side-force f r i c t i o n  
coef f ic ien t .  Vertical load, 80.1 kN (18 000 l b f ) ;  yaw angle ,  
60;  brake supply pressure,  21 m a  (3000 psi). 
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~ i g u r e22.- Interaction between braking and cornering. Yaw angle, 3"; 
brake supply presswe 21 MPa (3000 psi); nominal. carriage speed, 
72 knots. 
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Figure  23.- Effect of cyc l i c  braking on maximum drag-force f r i c t i o n  coe f f i c i en t .  
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ratio. These data incZude a11 ~ u n sexcept those which were torque limited the entire run, 
those involving t i r e  hydroplaning, and those performed to examine the effects of r m w a w  
friction t r ans i t i on .  



Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

75 
I00 
 Carriage speed,

kno t s
50 
75 


Yaw angle, 
deg 

I 6 I 
I 1 1 I t 1 

I f I I I 1 

Tread condition 
r New I 

~

I Worn I 
0 .2 .4 .6 .8 1.0 

Figure 25.- Effects  of test parameters on an t i sk id  braking performance 
r a t i o s .  Each bar graph represents  the average of severa l  runs’. 
(See t e x t ,  p .  75.) 
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Figure 26.- Effects of test parameters on gross stopping power 
developed by the antiskid braking system. 
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Figure 27.- Effects of test parameters on the stopping power 

dissipated by the tire. 
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Figure 28.- Effect of mximum drag-force f r i c t i o n  coefficient on ratio of tilre stopping 
gmmr to gross stopping power, 
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of test parameters on antiskid cornering 
performance ratios. 
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Figure 30.- Effects of test parameters on cornering power 
dissipated by t h e  t i re .  
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APPENDIX 

TIME HISTORIES 

This appendix presents  t i m e  h i s t o r i e s  i n  f igu res  A1 t o  A105 of e igh t  
parameters which describe the behavior of the an t i sk id  system during each 
test condition. These e igh t  parameters, which are wheel speed, skid s igna l  Y 

brake pressure,  brake torque, drag-force f r i c t i o n  coe f f i c i en t ,  side-force 
f r i c t i o n ,  a l i n i n g  torque, and s l i p  r a t i o ,  are given f o r  the convenience of' 
the user .in studying detail characteristics of the  an t i sk id  system. 
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Figure A I . - Time histories for  run 1. Nominal carriage speed, 99 knots; 
vertical load, 63.6 kN (14 300 l b f ) ;  yaw angle, O*; brake pressure ,  
19 MPa (2700 p s i ) ;  t i r e  condition, new; surface condftlon, dry. 
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Figure A2.- Time  h i s t o r i e s  for run 2. Nominal carriage speed, 44 knots; 
v e r t i c a l  load, 81.8 kX (18 400 l b f ) ;  yaw angle,  Oo;  brake pressure,  
21 MPa (3000 p s i ) ;  t ire condition, new; sur face  condi t ion,  dry.  
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Figure A3.- Time histories for run 3. Nominal carriage speed,  68 knots; 
vertical load, 80.1 kN (I8 000 lbf); yaw a n g l e ,  O o ;  brake pressure, 
21 MPa (3000 psi); tire condition, new; surface condition, dry. 
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Figure A 4 . - Time h i s t o r i e s  f o r  run 4. Nominal carriage speed, 95 knots; 
vertical Load, 81.8 kN (18 400 I b f ) ;  yaw angle, O o ;  brake pressure,  
20 MPa (2890 p s i ) ;  t i re condi t ion,  new; sur face  condi t ion,  dry. 



Figure AS.- Time hiskories for run 5. Nominal carriage speed, 98 k ~ - " - ~ 
1 'L-b e  ; 
I


vertical Paad, 82.4 k~ (18 300 l b f > ;  yaw angle, 0"; h a k e  pressure$ I 


20 @Pa (2940 p s i ) ;  t i r e  condition, new; sur2';ce eondidion, d r y .  
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Figure A6. - Time h i s t o r i e s  f o r  run 6. Nominal car r iage  speed, 39 knots; 
v e r t i c a l  load, 98.3 kN (22 100 lbf); yaw angle,  Oo; brake pressure,  
21 MPa (3000 p s i ) ;  tire condition, new; surface condition, dry. 
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Figure A8.- Time h i s t o r i e s  f o r  run 8. Nominal carriage speed, 98 knots 
v e r t i c a l  load,  97.4 kN (21 900 lbf); yaw angle ,  00; brake pressure,  
21 MPa (2950 p s i ) ;  t ire condition, new; sur face  condition, dry. 
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Figure A 9 . - Time h i s to r i e s  far m n  9.  Nrsmlnal earrfage speed, 47 knots; 
vertical foad, 62.3 kN (14 OQO ~ b f l gyaw angle, O * ;  brake pressuxle, 
21 faPa (3000 p s i ) ;  tire condftlon, new; surface esndition, damp. 
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Figure A10.- Time histories for run 10. Nominal carriage speed, 71 knots; 
vertical load, 63.2 kN (14 200 lbf); yaw angle, O o ;  brake pressure, 
21 MPa (3000 p s i ) ;  tire condition, new; surface condition, damp. 
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Figure A l l , - Time histories for run 11. Nominal carriage speed, 103 knots; 
vertical load, 61.8 kN ( 13 900 I b f )  ; yaw angle, Oo; brake pressure, 
21 MPa (3000 psi); tire condition, new; surface condition, damp. 
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Figure A12.- Time h i s t o r i e s  f o r  run 12. Nominal ca r r i age  speed, 46 knots; 
v e r t i c a l  load,  81.0 kN (18 200 l b f ) ;  yaw angle ,  Oo; brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condi t ion,  new; sur face  condi t ion,  damp. 
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Figure A73.- Time histories for  run 13. Nominal carriage speed, 73 knots; 
vertical load, 80.5 kN (18 100 Lbf); yaw angle, Oo; brake pressure, 
21 MPa (3000 psi); tire condition, new; surface condition, damp. 
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Figure A 1 4 . - T i m e  h i s t o r i e s  f o r  run 14. 
v e r t i c a l  load, 81.0 kN (18 200 hbf); 
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Nominal carriage speed, 99 knots ;  
yaw angle,  Oo;  brake pressure,  

21 MPa (3000 p s i ) ;  t i re  condition, new; sur face  condition, damp. 
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Figure A15.- Time histories for run 15. Nominal carriage speed, 46 knots; 
vertfcal load, 97.9 kN (22 000 I b f ] ;  yaw angle, O*; brake pressure, 
21 MPa (3000 psi); tire condition, new; surface condition, damp. 
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Figure A16.- T i m e  h i s t o r i e s  f o r  run 16. Nominal carriage speed, ?2 knots;  
v e r t i c a l  load, 97.4 kN (21 900 lbf); yaw angle,  00;  brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condi t ion,  new; sur face  condi t ion,  damp. 
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Figure A f 7 . - Time histories for ~ u n17. Nominal carrlage speed,  101 knots;  
vert ical  load, 97.4 kN (21 900 l b f j  ; yaw angle, 8"; brake pressure, 
21 M P ~(3000 p s i )  ; t i r e  cond i t ion ,  nen; surfsce condi t ion ,  damp. 
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Figure A18.- Time h i s t o r i e s  for run 18. Nominal car r iage  speed, 45 knots; 
v e r t i c a l  load, 117.9 k3I (26 500 lbf); yaw angle, O o ;  brake pressure,  
21 M E k  (3.000p s i ) ;  t i re condition, new; surface condition, camp. 
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Figure A19.- Time histories for run 19. NomTnal carriage speed, 41 knots; 
vertical. load, 118.3 kN (26 600 Ibi"); yaw angle, 0O; brake pre88ure9 
21 MPa (3000 psf); tire condition, new; surface condition, damp. 
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Figure A20.- Time h i s t o r i e s  for run 20. Nominal carriage speed, 72 knots; 
v e r t i c a l  load, 118.3 kN (26 600 l b f ) ;  yaw angle, Oo; brake pressure,  
20 MPa (2900 psi); t ire condi t ion,  new; ' surface condi t ion,  damp. 
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Figure A21.- Tine histories for FUH 21. Nominal carriage speed ,  99 kn~rts;  
vert.ical load, 118.8 kN (26 700 l b f ) ;  yaw angle, Oo; brake pressure, 
21; MPa (3000 p s i ) ;  tire condition, new; surface condition, damp. 
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Figure A22.- T i m e  h i s t o r i e s  f o r  run 22. Nominal carriage speed, 74 knots; 
v e r t i c a l  load, 61.8 kN (13 900 l b f ) ;  yaw angle,  Oo; brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condition, new; surface condition, flooded. 
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Figure A23.- Time histories for run 23. Nominal. carriage speed, 101 knots; 
vertical Load, 61.8 kN (13 900 lbf); yaw angle, 00; brake pressure, 
20 MPa (2930 psi); tire condition, new; surface condition, flooded. 
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Figure A24.- Time h i s t o r i e s  f o r  run 24. Nominal carriage speed, 102 knots; 
v e r t i c a l l o a d ,  61.4 kN (73 800 l b f ) ;  yaw angle, 00; brake pressure,  
20 MPa (2880 p s i ) ;  tire condi t ion,  new; sur face  condi t ion,  flooded. 
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Figure A25.- Time histories for run 25. Nominal carriage speed, 50 knots; 
vertical load, 81.4 MI (18 300 l b f )  ; yaw angle, Oo; brake p$essure, 
21 MPa (3000 p s i ) ;  tire condition, new; surface condition, flooded. 

!84
I 



APPENDIX 


20

10 


10 


5 

0 


"F.5 

1.0 


.5 

Time,sec 


Figure A26.- T i m e  h i s t o r i e s  f o r  run 26. Nominal carriage speed, 74 knots; 
v e r t i c a l  load, 81.0 kN (18 200 l b f ) ;  yaw angle ,  Oo; brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condi t ion,  new; sur face  condition, flooded. 
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Figure A27.- Time  histories for run 27. No~inal.carriage speed, 75 knots; 
vertical load, 80.5 kN (18 100 I b f ) ;  yaw angle, go; brake pressure, 
20 MPa (2900 psi); tire condition, new; surface condition, flooded. 
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Figure A28.- Time h i s t o r i e s  f o r  run 28. Nominal ca r r i age  speed, 700 knots; 
v e r t i c a l  load, 80.1 k N  (18 000 l b f ) ;  yaw angle,  Oo; brake pressure,  
20 MPa (2910 p s i ) ;  t i re condition, new; surface condition, flooded. 
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Figure A29.- Time his tor ies  far run 29. Nominal carriage speed, 46 knots:; 
vertical load, 537.9 kM (22 000 Lbf) ;  yaw angle, 00; brake pressure, 
22 MPa (30QO psi]; tire @onditisn, new; surface condition! flooded. 
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Figure A3O.- Time histories for run 30. Nominal carriage speed, 72 knots; 
vertical load, 97.0 kN (21 800 lbf); yaw angle, Oo; brake pressure, 
21 MPa (3000 psi); tire condition, new; surface condition, flooded. 
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Figure A32.- Time h i s t o r i e s  f o r  run 32. Nominal car r iage  speed, 46 knots; 
v e r t i c a l  load, 122.3 kN (27 500 Ibf); yaw angle,  Oo;  brake pressure,  
19 MPa (2820 p s i ) ;  t i re condition, new; surface condition, flooded. 
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Figure A33.- T i m e  histories for run 33. Nominal carriage speed, 72 knots; 
v e r t i c a l  load, 118.8 kM (26 700 I b f ) ;  yaw angle, Oo; brake pressure, 
18 MPa (2640 p s i ) ;  ‘tire condition, new; surface condition, flooded. 
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Figure A34.- T i m e  h i s t o r i e s  f o r  run 34. Nominal carriage speed, '103 knots 
v e r t i c a l  load, 117.9 kN (26 500 l b f ) ;  yaw angle, O o ;  brake pressure,  
19 MPa (2770 p s i ) ;  t i re  condition, new; surface condition, flooded. 
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Figure AJ5.- TLme hi.stories for run 35. Nominal carriage speed, 41 knots; 
vertical b a d ,  83 .2  kN (98 700 ~ b f ) ;yaw ;;n?gPe, 0"; brake pressure, 
19 MPa (2760 p s i ) ;  t4re condi t iont  new; surface condition, dry ts 
flooded. 
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Figure A36.- T i m e  h i s t o r i e s  f o r  run 36. Nominal ca r r i age  speed, 70 knots; 
v e r t i c a l  load, 84.1 kN (18 900 l b f ) ;  yaw angle ,  Oo; brake pressure,  
19 MPa (2780 p s i ) ;  tire condi t ion,  new; sur face  condition, dry to 
flooded. 
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Figure A37.- Time hist .ories for  run 37. Nominal carriage speed, 100 knots;
vertical load, 85.0 kM (19 I00 bbf'!; yaw angle, 09; brake pressure, 
79 MPa (2820 psil; tire cond i t ion ,  new; surface condition, dry to 
f looded.  
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Figure A38.- Tine h i s t o r i e s  f o r  run 38. Nominal car r iage  speed, 43 knots; 
v e r t i c a l  load, 83.2 k N  (18 700 I b f ) ;  yaw angle,  Oo; brake pressure,
19 MPa (2800 p s i ) ;  t i re  condition, new; surface condition, flooded t o  
dry. 
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Figure A39. - Time histories for  run 39. Nominal carriage speed, 73 knots; 
vertical load, 63.6 kN (14  300 l b f ) ;  yaw angle, 0"; brake pressure ,  
19 MPa (2840 psi); tire condition, new; surfaoe condition, flooded to 
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Figure A4O.- Time h i s t o r i e s  f o r  run 40. Nominal carriage speed, 102 knots; 
v e r t i c a l  load,  64.5 kN (14 500 l b f ) ;  yaw angle ,  Oo; brake pressure,  
20 MPa (2870 p s i ) ;  t i re  condi t ion,  new; sur face  condi t ion,  flooded t o  
dry. 
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Figure A41.- Time histories ror- run 41. .Nominal carriage speed, 65 knotrs; 
v e r t i c a l  load, 79.6 kpJ (17 900 Ibf); yaw angle, 00; brake pressure, 
21 MPa (3000 psi); tire co~ditisn,new; surface condition, random 
dry/damp 0 
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Figure A42.- T i m e  h i s t o r i e s  f o r  run 42. Nominal carriage speed, 39 knots;
vertical load, 80.5 kN (18 100 fbf); yaw angle ,  3O; brake pressure,  
21 MPa (3000 psi); t i re  condi t ion,  new; sur face  condi t ion,  dry. 
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Figure A43.- Time histories f o r  run 43. Nominal carrfage speed, 72 knots;  
vertical load, 81.8 kN (I8 400 lbf); yaw angle, 3O; brake pressure, 
21 MPa (3000 p s i ) ;  t i re condition, new; sur face  condition, dry. 
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Figure A45.- Time histories for run 45. Nominal carriage speed, 46 knots; 
vertical load, 81.0 kN (18 200 Lbf); yaw angle, 3 O ;  brake pressure, 
21 MPa (3000 psi); tire condition, new; surface oonditisn, damp. 
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Figure A46.- T i m e  h i s t o r i e s  f o r  run 46. Nominal carriage speed, 70 - h o t s ;  
v e r t i c a l  load, 81.0 kN (18 200 Ibf); yaw angle ,  3O; brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condition, new; surface condition, damp. 
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Figure A47.- Time histories for run 47. Nominal carriage speed, 9% knots; 
vertical load, 80.1 kN (18 000 lbf); yaw angle, 30; brake pressure, 
21 MPa (3000 psi); tire condition, new; surface condition, damp. 
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Figure A49.- Time h i s t o r i e s  f o r  run 49. Nominal carriage speed, 72 knots; 
vertical load, 82.3 kN (18 500 Ibf); yaw angle, 3O; brake pressure, 
19 MPa (2820 p s i ) ;  t i r e  condition, new; surface condition, flooded. 
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Figure A50.- T i m e  h i s t o r i e s  f o r  run 50. Nominal carriage speed, 102 knots; 
v e r t i c a l  load, 83.2 kN (18 700 l b f ) ;  yaw angle, 3O; brake pressure,  
20 MPa (2860 p s i ) ;  t i re  condition, new; surface condition, flooded. 
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Figure A 5 ? . - Time h . i s to r i e s  f o r  run 51. Nomlnal carriage s p e e d ,  110 knots; 
vertical load ,  81.4 kN (18 300 I b f 9 ;  yaw angle,  6 ” ;  brake pressure,  
21 MPa (3000 psi); tire condition, new; surface ccmdi t i sn ,  d r y .  
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Figure A52.- Time  h i s t o r i e s  f o r  run 52. Nominal ca r r i age  speed, 67 knots; 
v e r t i c a l  load, 81.4 kN (18 300 lbf); yaw angle, 6 0 ;  brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condi t ion,  new; sur face  condi t ion,  dry.  
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Figure A53.- Tlme h i s t o r i e s  for run  53.  Nominal carriage speed, 94 knots; 
vert-ical load, 82.3 kN (18 500 lbf'); yaw angle? 6*; brake pressure ,  
21 MPa (3000 psi!;  t i r e  condition, new; surface condi,&ion,dry. 
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Figure A54.- Time histories f o r  run 54. Nominal carriage speed, 44 knots; 
vertical Load, 81.0 kN (18 200 l b f ) ;  yaw angle, 60; brake pressure, 
21 MPa (3000 psi); tire condition, new; surface condition, damp. 
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Figure A55.- T i m e  histories for run 55.  Nominal carriage speed, 70 knots; 
vert ical  Load, 81.0 kN (18 200 l W > ;  yaw angle, 6 O ;  bpake pressure, 
21 MPa (3000 p s i ) ;  t i r e  condktion, sew; surface condition, clamp. 
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Figure A56.- Time h i s t o r i e s  f o r  run 56. Nominal carriage speed, 98 knots; 
v e r t i c a l  load ,  81.0 kN (18 200 l b f ) ;  yaw angle ,  60;  brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condition, new; sur face  condition, damp. 
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Figure  A57.- Time histories for run 5'7. Nominal carriage speed, 45 knots; 
vertical. load, 84.1 kN (18 900 I b f ) ;  yaw angle, SO; brake pressure, 
19 MPa (2840 p s i ) ;  tire condition, new; surface condition, flooded. 
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Figure A58.- T i m e  h i s t o r i e s  fo r  run 58. Nominal carriage speed, 72 knots; 
v e r t i c a l  load,  84.1 kN (18 900 l b f )  ; yaw angle ,  6O; brake pressure,
19 MPa (2740 p s i ) ;  t i re condition, new; sur face  condition, flooded. 
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Figure A59.- Time h i s t o r i e s  fo r  run 59. Nominal car r iage  speed, 92 knots;
v e r t i c a l  l oad ,  83.6 kN (18 800 Ibf'); yaw angle, 6 O ;  brake pressure, 
20 MPa (2870 p s i ) ;  tire condition, new; su r facx  condi t ion,  fhodeb. 
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Figure A60.- T ime  h i s t o r i e s  f o r  run 60. Nominal ca r r i age  speed, 70 knots ;  
v e r t i c a l  load,  80.1 kN (18 000 I b f ) ;  yaw angle ,  60; brake pressure,
21 ME'a (3000 p s i ) ;  t i re  condi t ion,  new; sur face  condi t ion,  random 
dry/damp. 
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Figure A62.- T i m e  h i s t o r i e s  f o r  run 62. Nominal carriage speed, 43 knots; 
v e r t i c a l  load,  80.5 kN (18 100 Ibf); yaw angle ,  O o ;  brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condi t ion,  worn; su r f ace  condi t ion,  dry. 
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Figure A63.- T i m e  h i s t o r i e s  for  run 63. Nominal car r iage  s p e e d ,  40 knots; 
vertical  load, 81.4 kN (18 300 I b f ) ;  yaw angle, Qo; brake pressure,
20 MPa (2920 p s i ) ;  t i re  condition, worn; surface condition, dry.  
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Figure A64.- Time histories for run 64. Nominal carriage speed, 66 knots; 
vertical Load, 84.1 kN (18 900 Ibf); yaw angle, Oo;  brake pressure, 
20 MPa (2860 psi); tire condition, worn; surface condition, dry. 
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Figure A65.- T i m e  h i s t o r i e s  f o r  run 65. Nominal camlage speed ,  67 kno t s ;  
ver t ical  load, 81.0 kN (18 200 l b f ) ;  yaw a n g l e ,  g o ;  brake pressure, 
20 MPa (2910 p s i ) ;  t i re  cond i t ion ,  worn; slirfaoe cond i t ion ,  d ry .  
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Figure A67.- Time histories for  run 67'. Nominal carriage speed, 97 knots; 
ver'cicnl load, 81.4 kN ( I 8  300 I b f ) ;  yaw angle, O o ;  brake pressure, 
20 MPa (2880 psi! ; tire condition, worn; surface condition, dry. 
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Fi jg re  A68.- T i m e  h i s t o r i e s  for run 68. Nominal carriage speed, 43 knots; 
v e r t i c a l ' l o a d ,  83.6 kN C18 800 lbf); yaw angle, O o ;  brake pressure,  
18 MPa (2640 p s i ) ;  t i re condition, worn; surface condition, damp. 
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F igure  A69.- T i m e  histories f o r  run 69. Nominal carriage speed ,  44 knots; 
ver t ica l  load, 83.6 kN (18 800 lbf'); yaw angle, 00; brake pressure, 
18 MPa (2640 p s i ) ;  tire condition, worn; surface condition, damp. 
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Figure  A71.- Time histories for run 71. Nominal carriage speed, 48 knotbs; 
vertical, Load, 79.6 kN (17 900 Ibf); yaw angle, O*; brake pressur-e, 
21 MPa ( 3000 psi); tire condition, worn; surface cond i t ion ,  damp. 
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Figure A74.- T i m e  h i s t o r i e s  for run 74. Nominal carriage speed, 74 knots ;  
vertical: load, 79.2 kN (17 800 I b f ) ;  yaw angle ,  O o ;  brake pressure ,  
21 MPa (3000 p s i ) ;  t ire condi t ion,  worn; sur face  condi t ion,  damp. 
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Figure  A75.- Time histories for run 1 5 .  Nominal carriage speed, 92 knots; 
vertical load, 79.2 kN (17 800 lbf>; yaw angle, OQ;  brake pressure, 
21 MPa (3000 p s i ) ;  tire condition, worn; surfzce condi t ion ,  damp. 
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Figure A76.- Time h i s t o r i e s  f o r  run 76. Nominal carriage speed, 100 knots; 
v e r t i c a l  load,  80.1 kN (18 000 l b f ) ;  yaw angle, O o ;  brake pressure,  
21 MPa (3000 p s i ) ;  t i re condi t ion,  worn; sur face  condi t ion,  damp. 
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Figure A77.- Time h i s to r i e s  f o r  run  77 .  Nominal car-riage speed, 39 knots; 
v e r t i c a l  Load, 80.5 kN (18 100 Lbf) ;  yaw angle, O o ;  brake pressure, 
21 MPa (3090 psi); t i re  conditior?, worn; surface condftion, damp. 
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Figure A79.- Time histories f o r  run 99.  Nominzl carriage speed, 45 knots; 
vertical load ,  78.3 kN (17 600 lbf); yaw angle, O0; brake pressure, 
21 MPa (3000 p s i ) ;  tire cond i t ion ,  worn; surface condition, flooded. 
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Figure A80.- T i m e  h i s t o r i e s  f o r  run 80. Nominal carriage speed, 73 knots; 
v e r t i c a l  load, 78.3 kN (17 600 Ibf); yaw angle ,  O o ;  brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condi t ion,  worn; sur face  condi t ion,  flooded. 

739 






APPENDIX 


r 
.5t I 

0 


.5 

V 

-5L '-4 

Figure A82.- T i m e  h i s t o r i e s  fo r  run 82. Nominal ca r r i age  speed, 93 knots; 
v e r t i c a l  load, 81.4 kN (18 300 l b f ) ;  yaw angle,  O o ;  brake pressure,  
19 MPa (2830 p s i ) ;  t ire condition, worn; surface condition, flooded. 
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Figure A83. - Time  h i s t o r i e s  f o r  run 83. Nomina3 carriage speed, 45 knots; 
vert ioal. load, 81.4 kN (18 300 Ibf!; yaw angle? 6 O ;  brake pressure,  
21 MPa ( 3000 p s i ) ;  t ire condition, worn: s u ~ f a c econdition, dry. 
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Figure A84.- T i m e  h i s t o r i e s  f o r  run 84. Nominal carriage speed, 70 knots; 
v e r t i c a l  load, 83.2 k N  (18 700 l b f ) ;  yaw angle,  60;  brake pressure,  
21 MPa (3000 p s i ) ;  t i re  condition, worn; sur face  condition, dry. -
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Ff..gum A87.- Time h is tor ies, for run 87. Nominal carriage speed, 95 knots;  
vertical load, 87'.2 kN ( 19 600 I b f )  ; yaw angle, 6 O ;  brake pressure, 
19 MPa (2750 pSi>; tire condition, worn; surface condition, dry. 
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Figure A88.- Time h i s t o r i e s  f o r  run 88. Nominal carriage speed, 46 knots; 
v e r t i c a l  load,  84.5 kN (19 000 I b f ) ;  yaw angle ,  6O; brake pressure,  
19 MPa (2750 p s i ) ;  t i re  condi t ion,  worn; sur face  condi t ion,  damp. 
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Figure  A89.- T i m e  h i s t o r i e s  for run 89. Nominal carr iage speed ,  58 kno t s ;  
v e r t i c a l  l oad ,  80.5 kN (18  I00 l b f ) ;  yaw angle, G o ;  brake pressiire, 
21 MPa (3000 p s i ) ;  t i r e  condition, worn; surface condition, danp. 
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Figure A90.- T i m e  h i s t o r i e s  f o r  run 90. Nominal carriage speed, 76 knots;  
v e r t i c a l  load,  79.6 k N  (17 900 l b f ) ;  yaw angle ,  6O; brake pressure,  
21 MPa (3000 p s i ) ;  t i re condi t ion,  worn; sur face  condition, damp. 
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Figure A92.- T ime  h i s t o r i e s  f o r  run 92. Nominal ca r r i age  speed, 101 knots; 
v e r t i c a l  Load, 80.5 kN (18 100 Lbf); yaw angle, 60;  brake pressure, 
21 MPa (3000 p s i ) ;  t i re  condi t ion,  worn; sur face  condi t ion,  damp.. 
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Figure A94.- T i m e  h i s t o r i e s  for run 94. Nominal carriage speed, 46 knots; 
v e r t i c a l  load, 77.0 kN (17 300 l b f ) ;  yaw angle,  6 0 ;  brake pressure,  
21 MPa (3000 p s i ) ;  t ire condition, worn; sur face  condi t ion,  flooded. 
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Figure A96.- Time h i s t o r i e s  f o r  run 96. Nominal ca r r i age  speed, 73 knots; 
v e r t i c a l  load,  83.6 ICN (18 800 l b f ) ;  yaw angle ,  6O; brake pressure,  
19 MPa (2660 p s i ) ;  t i re condi t ion,  worn; sur face  condi t ion,  flooded. 
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A97.- Time histories f o r  run 97. Wominai carriage speed ,  85 kno t s ;  
vertical Load, 78.3 kN (17 600 i b f ) ;  yaw angle, 6 O ;  brake pressure, 
20 MPa (2900 psi); t i re  condition, worn; surface condition, flooded. 
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A98.- T i m e  h i s t o r i e s  f o r  run 98. Nominal carriage speed, 91 knots  
v e r t i c a l  load, 82.7 kN (18 600 Ibf); yaw angle,  6 0 ;  brake pressure,
19 MPa (2690 p s i ) ;  t i r e  condition, worn; surface condition, flooded. 
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Figure  A B . - Time histories for run 99. Nominal carriage speed, 72 knots; 
vertical load ,  80.5 kN (18 100 l b f ) ;  yaw angle, g o ;  brake pressurle, 
14 MPa (2000 psL?; t i re  condition, new; surface condition, random 
dry/damp (natural r a i n ) .  
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Figure A100.- Time  h i s t o r i e s  f o r  run 100. Nominal carriage speed, 100 knots; 

v e r t i c a l  load, 79.2 kN (17 800 I b f ) ;  yaw angle,  Oo; brake pressure,  
14 MPa (2000 p s i ) ;  t i re condi t ion,  new; sur face  condition, dry t o  w e t .  
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Figure A102.- Time histories f o r  run 102. Nominal carriage speed, 100 knots; 
vertical load, 63.6 kN (14 300 Ibf); yaw angle, O o ;  brake pressure,
13 MPa (1940 psi); tire condition, new; surface condition, wet to dry. 
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Figure  A903.- T h e  histories for run 103. Nominal carriage speed, 70 knobs; 
iwrtle:aZ. kcad, 81.0 kN (18 206) IbE);  yaw angle, 60;  h a k e  pressure, 
73 MPa (1940 p s i ) ;  t i r e  condl t len ,  netl; surfzce condition, dry.  
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Figure A104.- T i m e  h i s t o r i e s  for run 104. Nominal car r iage  speed, 75 knots; 
vertical  load, 80.5 kN (18 100 l b f ) ;  yaw angle,  60;  brake pressure,  
14 MPa (2000 p s i ) ;  t i re  condition, new; sur face  condition, damp. 
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Figure A105.- Time histories f o r  run 105. Nominal carr6age speed,  71 knots; 
vertical. load, 78.7 kN (17 709 3bf ) ;  yaw angle, 6 0 ;  brake pres3ure, 
14 MPa (2000 p s i ! ;  t i r e  condition, new; surface condition, random 
dryldamp . 
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